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Abstract 
Supercapacitor, as a new energy storage device, has been widely used in 
aerospace industry and heavy machinery areas due to the high power density and long 
cycling life. However, the low energy density limits their widespread application. It is 
well known that the energy density depends on specific capacitance (Cs) of the 
electrode and working potential. Therefore, one effective way is to develop 
nanostructured materials of electrodes for increasing the specific capacitance. The 
other approach is to fabricate asymmetric supercapacitors, which can effectively 
broaden the working potential. Hence, we mainly focus on developing electrode 
materials and assembling asymmetric supercapacitors with high specific capacitance.  
In chapter 1, the research background is introduced. Supercapacitor structure and 
its working principle are also described. In order to get an understanding of research 
progress in materials, the material classification and research progress are also given 
and concluded. Lastly, the research motivation is proposed based on the previous 
description. 
In chapter 2, the equipment and chemicals used in this thesis are listed. The 
characterization methods and electrochemical measurements are also described. The 
characterization methods of materials and devices mainly include X-ray powder 
diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), X-ray 
photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM). The 
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical 
impedance spectroscopy (EIS) are the most widely used electrochemical 
measurements. 
In chapter 3, Ni3S2/MnS composite with unique 3D morphology was prepared by 
in-situ hydrothermal method. The Ni3S2/MnS composite shows an enhanced 
electrochemical performance compared to the single material of Ni3S2 and MnS. The 
Cs is increased to 6.7 mAh cm-2. Moreover, the Cs remains 97% after 1000 cycles.  
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In chapter 4, in order to improve the electrochemical performance of 
supercapacitors in terms of flexibility and safety, 1D nanowire WO2.72 with high 
conductivity (2.58 Ω-1 cm-1) was firstly in-situ grown on carbon cloth (NW 
WO2.72/CC) by a simple solvothermal reaction. The NW WO2.72/CC electrode shows a 
high Cs of 398 F g-1 at a current density of 2 A g-1. Furthermore, flexible solid-state 
asymmetric supercapacitor devices were assembled based on the WO2.72/CC as the 
positive electrode and activated carbon/carbon cloth (AC/CC) as the negative 
electrode. The device displays a high energy density of 28 Wh kg-1 at a power density 
of 745 W kg-1. More impressively, the Cs of the device remains 81% after 10000 
cycles.  
In chapter 5, a novel 2D layered material of Nb2SnC was prepared at relatively 
low temperature. After etching, the Cs is increased to 128 F g-1 at a scan rate of 2 mV 
s-1, which is much higher than the pristine sample (25 F g-1). To further improve the 
electrochemical performance, the etching sample is exfoliated. When the obtained 
sample was used as an electrode, the Cs has an increase (140 F g-1). Furthermore, 
symmetric supercapacitors (SSCs) were assembled. The energy density of the device 
is 14.5 Wh kg-1 within the electrochemical window of 0 V-0.8 V, higher than the 
energy density (4.4 Wh kg-1) tested within 0 V-0.5 V. 
In the final chapter, the general conclusions are described. Meanwhile, future 
prospects are proposed. In this thesis, we synthesized 3 kinds of nanomaterials of the 
3D Ni3S2/MnS, 1D NW WO2.72, and 2D Nb2SnC. The electrochemical performance 
was also investigated. They show great potentials for application of supercapacitors. 
Future study should focus on the materials development with high conductivity, 
substrate with high mechanical strength and conductivity, as well as devices with high 
performance. 
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Chapter 1 Introduction 
1.1 Background 
The progress of human society is always accompanied accompanies by more 
efficient use of energy. So far, our main source energies are still obtained from fossil 
fuels, which is not renewable and clean [1-2]. The wind energy and solar energy, as 
well as nuclear energy, are considered as inexhaustible energy sources [3]. Therefore, 
the involved energy conversion and storage are required [1]. Up to now, there are 
many kinds of energy storage systems in our daily life such as lithium-ion batteries 
and supercapacitors [4]. Lithium-ion batteries are widely used in many fields such as 
electric motorcycles, portable laptops and smartphones due to the high energy density 
[5]. However, they also suffer from high cost, short life, long charge time, and harsh 
preparation conditions as well as low power density. In addition, the finite lithium 
source drives researchers and manufacturers to seek other energy storage devices. 
Consequently, rational expectations are given to supercapacitors due to the intrinsic 
properties [6-7]. 
In contrast to lithium-ion batteries, supercapacitors have many advantages such 
as high power density, low cost, extreme durability, fast charge-discharge rates, wide 
operating temperature range, safety and so on [8-9]. In order to demonstrate the 
superiority of supercapacitors, the relevant important parameters are compared with 
lithium-ion batteries, which are shown as follows. 
Table.1 Comparison of lithium-ion batteries and supercapacitors. 
Parameters Supercapacitors Lithium-ion batteries 
Power density (W kg-1) 102-104 ＜500 
Charge/discharge time minutes  hours 
Durability good  poor 
Temperature rang (K) 233-343 263-333 
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Cost low high 
Maintenance no yes 
Storage mechanism chemical/physical chemical 
Preparation condition mild harsh 
Charge rate high kinetically limited 
Coulombic efficiency good poor 
Environment pollution no yes 
Energy density (Wh kg-1) ＜10 20-200 
However, supercapacitors are mainly employed as the backup power sources due 
to the limited energy density when compared to lithium-ion batteries. In order to 
expand the application scope, scientists and researchers do substantial efforts to 
enlarge the energy density in terms of electrode materials and working potential. 
Before this, it is necessary to learn about the structure and the involved storage 
mechanism in supercapacitors. 
1.2 Structure and Fundamental of Supercapacitors 
 
Fig.1 Structure and working mechanism of supercapacitors. 
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Generally, supercapacitors are composed of current collectors (collecting 
electrons and supporting electrode materials), electrode materials (the most important 
part in device), electrolytes and separators (preventing the direct contact of positive 
and negative electrodes) along with packaging [8]. The common current collectors are 
nickel foams, stainless steel wires, and carbonaceous collectors, such as carbon cloth, 
carbon paper. As an important part in supercapacitors, the electrode materials define 
the electrochemical performance. The materials, related to the pseudo-capacitive 
property, are employed as the positive electrode. While for the negative electrode, the 
most widely used materials are carbonaceous materials. During the charge process, 
the positive electrode will lose electrons and the redox reaction will occur at the 
surface of the electrode/electrolyte. For the negative electrode, the electrode will 
adsorb get electrons. While the process is reversed in the discharge process. Hence, 
the supercapacitors can deliver high power density along with good cyclic 
performance. The electrode materials are very important for the electrochemical 
performance of the supercapacitors. Therefore, the following description will be 
focused on the storage mechanism in electrode materials and the categories.  
1.3  Electrode materials of supercapacitors 
Generally, electrode materials can be classified into two kinds of materials based 
on the energy storage mechanism. For the materials which store energy based on the 
ion adsorption, they show electric double layer capacitor materials (EDLCs) property 
[9]. This process is a physical process, leading to a high power density. Moreover, the 
cycle performances of these kinds of electrode materials are superior. Meanwhile, the 
low cost and well stability are the main reasons that carbon has been widely used. 
Nevertheless, the capacitance of this kind of material is poor. In contrast, the other 
electrode materials can store energy by faradaic redox reaction on 
electrode/electrolytes interface. Consequently, the capacitances of faradaic electrode 
materials are hundred times higher than those of electric double capacitor electrode 
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materials. 
In the next section, carbon/carbon-based materials, metal oxides/ sulfides and 
new kind of 2D materials will be discussed. 
1.3.1 Carbon materials 
The first commercial supercapacitor is carbon-based capacitor. Among various 
carbon materials, activated carbon and graphene are the most widely used materials. 
As we discussed, the capacitance of EDLCs is from the contribution of ion adsorption 
at the surface of the electrode. Therefore, physical properties such as the pore size and 
the specific surface area are very important to the electrochemical performance of the 
electrode. Hence, how to prepare carbon materials with high specific area and the 
reasonable pore size distribution is an issue. The following table is summarized from 
the previous reports. 
Table.2 Electrochemical performance of carbon from different precursors and 
carbon-based composites. 
 source performance reference 
Active carbon 
eggplant 456 F g-1 [10] 
soybeans 468 F cm-3 [11] 
chitosan 252 F g-1 [12] 
polyaniline 652 F g-1 [13] 
MOF 758 F g-1 [14] 
animal bone   191.8 F g-1 [15] 
Alkylated 242.2 F g-1 [16] 
carbon fabric 70.4 F g-1 [17] 
CNT/composite 
CNT/MoO3 617 F g-1 [18] 
CNT@C core-shell 237 F g-1 [19] 
Co3O4@MWCNT 590 F g-1 [20] 
CNT/RuO2  819.9 F g-1 [21] 
(MOF: metal-organic frameworks; CNT: carbon nanotube; MWCNT: 
multi-walled carbon nanotube) 
From the table.2, we can see that the electrochemical performance for the sole 
carbon is poor. Interestingly, after compositing with metal oxides/sulfides and 
conductive polymer, the electrochemical properties can be improved greatly. 
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Additionally, the carbon source plays a vital role in the electrochemical performance. 
The specific areas and pore size are significantly different when different carbon 
source are used. As reported, the specific areas can be increased to 2765 m2 g-1 when 
the eggplant was used as the carbon source, which is much higher than black Pearl 
2000 and Acetylene Black. The pore size is about 2 nm and it is beneficial for 
electrochemical performance improvement. 
1.3.2 Metal oxides/sulfides 
As described above, the most widely used materials for the positive electrode are 
transition metal oxides and sulfides owing to the pseudo-capacitive property [22-23]. 
For example, RuO2 is frequently investigated contributed to the good electron/ion 
transferability and high theoretical capacitance (1000 F g-1). However, it is harmful to 
environment and expensive, which drive scientists to seek new electrode materials. 
Manganese oxides, nickel oxides, cobalt oxides and other transition metal 
oxides/hydroxides are selected as alternative candidates due to the relatively high 
capacitance and low cost. However, metal oxides suffer from low conductivity, 
inevitably leading to poor power density. To obtain enhanced electrochemical 
performance, metal oxides are combined with carbon materials, which can expose 
large surface area and shorten ion diffusion length. The summarization in term of 
metal oxide composite is given in Table.3. 
Table.3 Electrochemical properties of metal oxide composite. 
composite performance reference 
RuO2/F-graphene 1132 F g-1 [24] 
RuO2 nanotube 745 F g-1 [25] 
MnO2@carbon 259.4 F g-1 [26] 
ZnCo2O4/MnO2 2339 F g-1 [27] 
H-TiO2/NG 385 F g-1 [28] 
MnO2/Al-TiO2 544 F g-1 [29] 
Co3O4/Co(OH)2 601 mF cm-2 [30] 
Fe2O3@PANI 2.02 mF cm-3 [31] 
Ni3S4@CoS2 1440.9 F g-1 [32] 
Conductive polymers are also promising faradaic materials for high-performance 
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supercapacitors attributed to the good conductivity, broad operating potential, and low 
cost. Unfortunately, conducting polymers will swell and shrink during the charge and 
discharge process, resulting into unsatisfied electrochemical performance. 
1.3.3  2D materials 
Recently, 2D materials have drawn great attention. They have been applied for 
catalysis, sensor and electric energy storage system [33-35]. Up to now, there are 
mainly three kinds of 2D materials: graphene, transition-metal dichalcogenides, and 
MXene. The capacitance of graphene is from the EDLCs. While for the 
transition-metal dichalcogenides, they show pseudo-capacitive property. As a main 
class of 2D materials, MXene have been proved to show a great potential in electric 
energy storage, especially in supercapacitors. Interestingly, MXene show different 
behaviors in various electrolytes. When the electrolyte is neutral, the MXene show 
EDLCs property while the electrolyte is acid solution and alkali solution, the MXene 
can represent pseudocapacitive features. Hence, 2D materials of MXene draw great 
attention. Materials of MXene have well conductivity (Rs＜10 Ω sq-1). The following 
table is the electrochemical performance of the MXene as electrode for 
supercapacitors. 
Table.4 Electrochemical performance of MXene in supercapacitors. 
Materials Electrolyte Specific capacitance (Cs) Reference 
Ti3C2 1M H2SO4 517 F g-1 at 1 A g-1 [36] 
Ti2C 30 wt % KOH 51 F g-1 at 5 A g-1 [37] 
Mo2C 1M H2SO4 196 F g-1 at 2 mV s-1 [38] 
Ti3C2 1M MgSO4 360 F cm-3 at 2 mV s-1 [39] 
Ti3C2 3M H2SO4 330.2 F g-1 at 2 mV s-1 [40] 
Ti3C2 1M KOH 408.5 F g-1 at 3 A g-1 [41] 
Sandwich-like 
Ti3C2Tx/rGO 
1M MgSO4 435 F cm-3 at 2 mV s-1 [39] 
From the above table, it can be observed that the 2D materials of MXene show 
Chapter 1 
7 
 
high specific capacitance. After fabrication and modification, the specific capacitance 
has a great improvement. 
1.4 Issues  
As mentioned before, the energy density of supercapacitors is not high enough to 
substitute lithium-ion batteries as shown in Fig.1.  
 
Fig.2 Ragon plot of capacitors, symmetric supercapacitors, asymmetric 
supercapacitors, and batteries. 
The effective strategy is to improve the capacitance of electrode materials and to 
enlarge the working potential according to the equation (E=1/2 CV2). For the broad 
operating potential, it can be achieved by fabricating asymmetric supercapacitors. In 
term of capacitance, it can be increased by employing faradaic materials with 
nanostructured morphologies or seeking new potential electrode materials. 
1.5 Motivation and Objectives 
It is reported that organic electrolytes possess a wide working potential, but the 
poor conductivity, toxicity, and cost hinder the widespread application. Actually, a 
broad working window can be achieved by fabricating asymmetric supercapacitors 
(ASCs), which can also overcome the problems of organic electrolytes. Therefore, in 
this thesis, ASCs were assembled to further improve the energy density by broadening 
the electrochemical window. In order to achieve the goal of commercial application, 
flexible asymmetric supercapacitors (FASCs) were fabricated. 
Part 1 Nanostructured Ni3S2/MnS composite with 3D morphology was 
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synthesized by a facile in-situ hydrothermal approach combined with etching and 
pre-oxidization process. The etching of Ni foam by NH4F was found to create a 
substrate with high surface area, which acted as a template for the formation of porous 
structure. Owing to the unique hierarchical structure and the synergetic effect of Ni3S2 
and MnS, the Ni3S2/MnS composite delivers a very high Cs and good stability. 
Furthermore, an asymmetric supercapacitor was assembled using Ni3S2/MnS and AC 
(activated carbon) as positive and negative electrode, respectively. 
Part 2 In order to further improve the electrochemical performance, the NW 
WO2.72/CC with high conductivity was prepared by a facile in-situ solvothermal 
method. The WO2.72 nanowires formed intercrossed network structure, which can 
provide more active sites and shorten the ion diffusion length. Considering the 
practical application, flexible asymmetric supercapacitors (FASCs) were assembled. 
The NW WO2.72/CC and active carbon/CC is used as the positive electrode and the 
negative electrode, respectively. The polyvinyl (PVA)/LiCl gel is used both as the 
separator and electrolyte. 
Part 3 2D material of Nb2SnC is synthesized by sintering at 1000 ℃ for 8 h. We 
tried various kinds of etching conditions to remove the Sn layer. The material shows 
excellent electrochemical performance after etching by HF for 48 h. The Cs is 
increased 6 times higher than the pristine sample. In order to further improve the 
electrochemical performance, the material is exfoliated by DMSO. Symmetric 
supercapacitors were finally fabricated. The electrochemical window is enlarged to 
0.8 V. The device shows better electrochemical performance within the 
electrochemical window of 0 V−0.8 V than that within 0 V−0.5 V.  
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Chapter 2 Experimental section 
2.1 Instruments and chemicals 
All the materials characterization instruments and chemicals used in this thesis 
were given as follows. 
2.1.1 Instruments 
Table 2.1 Instruments used in our experiments 
Apparatus Model Manufacture 
Muffle Furnace FO300 
Yamato Scientific Co., Ltd., 
Japan 
Furnace NHK-170 Nitto Kagaku Co., Ltd., Japan 
Dryer EKK-450 As One Co., Ltd., Japan 
Vacuum Oven AVO250N As One Co., Ltd., Japan 
Oven SNOW-450S As One Co., Ltd., Japan 
Vacuum Drying Oven SVD30P Sanyo. Co., Ltd., Japan 
Drying Oven SDW27P Sanyo. Co., Ltd., Japan 
Ultrasonic Apparatus CHPS-170DN As One Co., Ltd., Japan 
Balance New Classic ML Mettler Toledo Co., Ltd., Japan 
Hot Stirrer VIBRA Shinko Denshi Co., Ltd., Japan 
Vacuum Packaging V952PK1 Italia 
Rocking Mill RM 05 AS ONE Co., Ltd., Japan 
Autoclave HU-100 Sanai. Co., Ltd., Japan 
Solartron 1287 Ametek Co., Ltd., USA 
Frequency Analyzer 1255B Ametek Co., Ltd., USA 
X-ray diffractometer D/Max-2500 Rigaku Co., Ltd., Japan 
SEM JCM-6000 JEOL Co., Ltd., Japan 
X-ray Photoelectron Hitachi KRATOS Co., Ltd., Japan 
Counter electrode Pt net Aida, Tianjin, China 
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Reference electrode Ag/AgCl Aida, Tianjin, China 
FE-SEM S5200 Hitachi Co., Ltd., Japan 
FE-SEM JEOL 6701F JEOL 
TEM JEM-3010 JEOL Co., Ltd., Japan 
2.1.2 Chemicals 
Table 2.2 Chemicals used in the experiment 
Reagent purity Manufacture 
Ni(CH3COO)2.4H2O 99% Wako 
Co(CH3COO)2.4H2O 99% Wako 
Mn(CH3COO)2.4H2O 99% Wako 
Na2S 98% Wako 
NH4F 99% Wako 
KOH 99% Wako 
WCl6 99.5% Sigma 
LiCl 99.5% Wako 
H2SO4 95% Wako 
graphite 99.9% Dalian, China 
Nb 99.8% Alfa 
Sn 99.55 Sigma 
Ethanol 99.5% Wako 
Acetone 99% Wako 
Hydrochloric acid 36.5% Wako 
Nickel foam 99% Sigma-Aldrich 
Carbon Cloth  99% Cetech  
Poly (vinyl alcohol) 1st grade Wako 
Active carbon 99% Tokyo Chemical 
PTFE 99% Wako 
2.2 Characterization 
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2.2.1 X-Ray Powder Diffraction (XRD) 
XRD is a common technology for phase identification and crystal structure [1]. 
The mechanism for XRD test is that when the incident X-ray beam strikes to the 
surface of samples, the X-ray has a relation to degree (ѳ) and the space, that is 
2dsinθ=nλ (d is spacing distance, θ is the corner of the incident angle for X-ray, λ is 
light wavelength，n is integer), then diffraction occurs [2]. The diffraction is 
transferred to spectrum. The spectrum is dependent on the particular material [3]. We 
can use the XRD spectrum to characterize the crystal structure as well as quantitative 
analysis. The XRD test can be used for both powder and film. In my thesis, Rigaku is 
employed to test the XRD patterns of all the samples. 
2.2.2 X-Ray Photoelectron Spectroscopy (XPS) 
XPS is an advanced technology for characterization of electronic materials and 
component microscopic analysis [4]. XPS is commonly combined with Auger 
electron spectroscopy technique (AES). XPS can more accurately measure the inner 
electron binding energy and chemical shift [5]. Hence, from the XPS data, we can 
know the molecular structure, valence state, element composition and content and 
chemical state. XPS not only provide us the whole chemical information but also 
surface information, small regional information, and depth distribution information. 
As the X-ray exposed to the samples is photon beam, so there is almost no damage to 
the samples. Moreover, different from XRD, the mass of samples for XPS test is small 
and the region is broader [6-7]. In my thesis, the chemical composition and state were 
characterized by XPS (KRATOS). 
2.2.3 Field Emission Scanning Electron Microscopy (FE-SEM) 
FE-SEM is one kind of SEM. Compared to SEM, FE-SEM owns higher 
resolution and can analyze the morphology and structure of various solid samples 
through secondary electron image, reflection electron image observation and image 
processing [8]. When combined with Energy Dispersive Spectrometer, it can give the 
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quantitative analysis for the small area and dot/line of the samples surface. From the 
FE-SEM and EDS result, we can get an understanding of the morphology and 
chemical composition [9-10]. The morphologies of my samples were characterized by 
S5200 (HITECH) and 6701F (JEOL). 
2.2.4 Transmission Electron Microscopy (TEM) 
TEM, as another technique for morphology and structure characterization, has 
been widely used in material science and technology, nanoscience, virology, cancer 
research, etc. [11]. Different from secondary electron image, the operation mechanism 
of TEM is that the accelerated and aggregated electron beam is projected to the thin 
samples and then the direction of electrons beam change after collision with the atoms 
[12]. Finally, solid angle scattering occur. The scattering angle is closely related to the 
sample density and thickness, which can form different light and dark images. 
Because the λ of electrons is very short, the resolution of TEM is much higher than 
that of optical microscope (about 0.1-0.2 nm). Hence, it can be used for observing the 
fine structure of the samples, even the structure of a single atom. The interplanar 
spacing (d) can be measured through the images. Then referred to the standard 
interplanar spacing, we can know the crystal face and then the crystal growth 
direction. The TEM images of the obtained samples are characterized by TEM and 
HR-TEM (FEI G2 F20). 
2.3 Fabrication of supercapacitor (in three electrode 
system and device) and electrochemical test 
In my thesis, the electrochemical performance of the electrodes was firstly 
performed in a traditional three-electrode system. The obtained sample was used as 
working electrode and a piece of platinum gauze (2*2 cm2) was used as the counter 
electrode. For the electrolyte of alkali solution, Hg/HgO was served as the reference 
electrode while for the neutral solution and acidic solution, the KCl saturated 
Ag/AgCl electrode was served as the reference electrode.  
The devices were fabricated using the prepared samples as the working electrode 
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and AC on carbon cloth as the negative electrode.  
All the electrochemical tests were carried out on Solartron 1287 Potentiostat 
Galvanostat and 1255B Frequency Response Analyzer electrochemical workstation. 
2.3.1 Measurement basis 
In order to understand the electrochemical system, various electrochemical tests 
were carried out. The electrochemical system mainly includes kinetics and 
thermodynamics. Better understanding of kinetics and thermal dynamics is beneficial 
for reaction occurring on the electrode. Hence, we can try effective ways to improve 
the performance of the electrode. Actually, the electrochemical system of single 
electrode cannot be determined. Therefore, counter electrode (platinum foil) and 
reference electrode were used (Hg/HgO, Hg/HgCl2, and Ag/AgCl). As well known, 
the standard electrode potential is obtained based on the standard hydrogen electrode 
while in common system, relative potential is used. Generally, the potential will 
deviate the standard potential. We can learn about the material property via 
polarization potential, resistance, etc.  
2.3.2 Cyclic Voltammetry (CV) 
CV is a very common method for electrochemical research. The potential scans 
repeatedly with time at different scanning rates [13]. The kinetics of electrode process 
is very complex, which is composed of multi-step procedures. The laws of dynamics 
of each sub-procedure are different. In the process, the kinetic is controlled by the 
slowest procedure called rate controlling step [14]. Generally, the multi-step 
procedures consist of electrochemical procedure, double layer charge process, ionic 
conduction and diffusion step [15]. Therefore, there are 2 kinds of polarization: 
electrochemical polarization and concentration polarization [16]. When the scanning 
rate is low, the electrochemical process is electrochemical polarization controlled step. 
As the scanning rate increases, the concentration polarization is controlled step. From 
the CV curves, we can see the changes. When the scanning rate is up to a degree, the 
redox peaks appear. For the various materials, the CV curves are very different. For 
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the carbon/carbon-based materials, the CV curves are rectangular shape or 
quasi-rectangular shape. For the pseudocapacitive materials, the CV curves have 
feeble redox peaks while for the battery-type materials the CV curves are very 
obvious.  
2.3.3 Galvanostatic Charge-Discharge (GCD) 
GCD is another important method for studying electrochemical performance of 
material. The electrode is charged and discharged under constant current. The 
potential change with time is recorded. The change of potential with time is a function 
of time [18]. The practical capacitance is obtained from the recorded electrochemical 
response signal. From the capacitance, we can judge the property of material, such as 
Coulomb efficiency. We can also know the nature of material from the GCD curves 
[19]. If the GCD curves contain charge/discharge platform, we can determine the 
redox reactions provide the main specific capacitance. The whole process is a 
chemical reaction. Use Li/Li-ion battery and Na-ion battery as examples. There is 
long charge and discharge platform, indicating ion insertion/extraction (battery type 
material). There is phase change during the charge and discharge process for the 
battery type material. If the GCD curves have no platform and are 
rectangle/pseudo-rectangle shapes, there are two possible situations. The first 
situation is that the redox reaction occurs at the surface of the electrode and 
electrolyte. This kind of material belongs to pseudocapacitive property. The second 
situation is that there is no redox reaction during the electric double-layer capacitance 
property. The capacitance is from the ion adsorption/desorption, which is a physical 
process. However, there is no phase change for the pseudocapacitive material and 
electric double-layer capacitive material.  
2.3.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS is carried out via imposing small amplitude of alternating current potential 
wave with different frequency. Measure the ratio of alternating current potential 
versus current signal and impedance phase angle [20-21]. Then record the change of 
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ratio versus ω and phase angle versus ω [22]. Based on the result, analyze electrode 
process kinetics, double layer, and diffusion, etc. Study the mechanism of electrode 
materials, solid electrolyte, conductive polymer and corrosion protection. Generally, 
an amplitude (≤ 10 mV) is employed as disturbing signal. The electrochemical system 
is simulated as an equivalent circuit. The equivalent circuit is composed of resistors 
(R), capacitors (C) and inductors (L) and other basic components in series and parallel. 
Measure the value of the components and analyze the structure of the electrochemical 
system and the nature of the electrode process through the electrochemical meaning of 
the element [16, 23]. In this thesis, the EIS was measured at an amplitude of 10 mV in 
the frequency range of 10-2-106 Hz.
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Chapter 3 Novel fabrication of Ni3S2/MnS composite 
as high-performance electrode 
3.1 Introduction 
The increasing world population and the application of electronic devices put 
forward new challenges for clean and safe energy storage systems [1-5]. Among 
various energy conversion and storage devices, supercapacitors, as a promising 
energy storage system, have drawn increasing public attention because of their high 
power density, good safety, relatively high capacity and superior cycling durability 
compared to other types of energy storage systems such as batteries [5, 6]. According 
to the charge storage mechanism in the electrochemical processes, there are two 
distinct families of supercapacitors: electrical double-layer capacitors (EDLCs) that 
take advantage of the charge storage of ion adsorption/desorption and 
pseudo-capacitors that rely on charge storage involving fast faradaic redox reactions 
at the electrode/electrolyte interface surface [7]. Consequently, the energy storage 
capacities of the pseudo-capacitors are much higher than those of EDLCs. The main 
materials for EDLCs are carbon and carbon-based materials. Up to now, transition 
metal oxides/sulfides with variable valence states have been widely studied for 
pseudo-capacitors [8−13]. Compared to transition metal oxides, transition metal 
sulfides have higher capacitances than corresponding transition metal oxides. 
Transition metal sulfides such as MnS, NiS, Ni3S2, CoS, CuS, MoS2, and WS2, have 
been reported to exhibit good electrochemical performance for their good 
conductivity and electrochemical activity [14-19]. Furthermore, metal sulfides possess 
good mechanical stability when used in the supercapacitors. Among the various 
transition metal sulfides, the inexpensive manganese and nickel sulfides offer 
incomparable electrochemical performance. Nickel sulfides contain several types of 
compounds such as NiS2, Ni3S4, Ni3S2, α-NiS, β-NiS, Ni9S8, Ni7S6, and so on. Ni3S2 
was reported to show good performance as an electrode for supercapacitors. Ni3S2 
with specific capacity up to 1.74 F cm-2 and 1315 F g-1 at 1 A g-1 was reported 
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previously [15, 20, 21]. Meanwhile, according to the previous reports, the MnS-based 
device has high energy density (about 37.6 Wh kg-1) [14, 22]. Since the performance 
of supercapacitors is closely related to the active surface exposed for the redox 
reactions. Therefore, preparation of nanostructured materials with high specific 
surface available for redox reactions and a short diffusion length is very important [6, 
7, 23, 24]. In this study, we developed a new method to synthesize nanostructured 
Ni3S2/MnS composite by a facial in-situ hydrothermal approach combined with 
etching and pre-oxidization process. After etching by NH4F, the Ni foam has high 
surface area and heterostructure, which is beneficial for the formation of porous 
structure-composite. The method has the following advantages. Firstly, the pre-treated 
Ni foam has much more surface area available for in situ growth of nanostructured 
Ni3S2 and MnS. The porous structure was maintained even after the hydrothermal 
reaction and it is favored for charge transfer with OH- ions in the charge/discharge 
process. Secondly, there were no binders or conductive agents involved in the 
electrode preparation, which could significantly reduce the resistance and increase the 
specific capacity of the electrode material. Thirdly, the MnS nanorods vertically 
grown on the Ni3S2 material with relative high conductivity can be effectively utilized 
for energy storage. Owing to the unique hierarchical structure and the synergetic 
effect of Ni3S2 and MnS, the Ni3S2/MnS composite delivers high specific capacity and 
good stability. The new material synthesis method may open up a new route for 
preparation of the metal sulfides. 
3.2 Experimental Section 
3.2.1 Pretreatment of Ni foam 
The Ni foam was washed in acetone, 2 M HCl, ethanol and deionized water (DI 
water) in sequence in order to remove possible residual inorganic/organics on the 
surface. The Ni foam was then etched by NH4F solution (0.15 mol L-1) at 100 ℃ for 
5 h through a hydrothermal method (labeled as Ni-NF). After vacuumed at 60 ℃ 
overnight, Ni-NF substrate (1.5 cm × 1.5 cm) was subject to oxidation at 500 ℃ for 
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1.5 h (named as Ni-NF-O). 
3.2.2 Preparation of Ni3S2/MnS 
The Ni-NF-O was transferred into a Teflon-lined stainless steel autoclave 
containing Na2S aqueous solution (0.1 g Na2S was dissolved in 60 mL DI water) and 
Na2S/MnCl2·4H2O solution (0.2 g for Na2S, 0.1 g for MnCl2·4H2O dissolved in 60mL 
DI water). After being heated at 160 ℃ for 12 h, the autoclave was cooled to room 
temperature, and Ni3S2 and Ni3S2/MnS composite grafted on Ni-NF substrate were 
collected.  
All the prepared samples were washed 3 times by DI water and ethanol and dried 
at 60℃ in a vacuum oven for 12 h before being tested. 
3.2.3 Characterization  
The crystalline structures of the samples were characterized by X-ray diffraction 
(XRD; RIGAKU) and the morphology was investigated by scanning electron 
microscopy (FE-SEM, Hitachi 5200). The microstructure and chemical composite of 
the materials were analyzed by high-resolution transmission electron microscopy; 
(HR-TEM, Tecnai G2 F20 S-TWIN (200KV) equipped with EDX (Energy-dispersive 
X-ray spectrum). X-ray photoelectron spectroscopy (XPS, KRATOS) was used to 
verify the chemical composition and the valence states of elements in the material. 
3.2.4 Electrochemical measurements 
The electrochemical measurements were performed in a traditional 
three-electrode cell. The as-synthesized sample on Ni foam was cut into 1 cm × 1 cm 
pieces and directly used as the working electrode. A platinum net (Pt, 2 cm × 2 cm) 
served as the counter electrode and Hg/HgO electrode acted as the reference electrode. 
Ni3S2/MnS and AC (activated carbon) were used as positive and negative electrode to 
assemble ASCs, presented in Supporting Information. Prior to the electrochemical test, 
the samples immersed in 50 mL of 3M KOH electrolyte solution were vacuum treated 
for 30 min at room temperature. With the 3-electrode system, CV tests and GCD 
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performance were carried out with the potential window of 0 V~ 0.6 V and 0 V~ 0.5V, 
respectively. EIS were implemented using a Solartron electrochemical station (1287 
and 1255B connected) between 106 Hz and 10-2 Hz at AC amplitude of 10 mV. 
3.3 Results and discussions 
3.3.1  Characterization 
 
Fig.1 (a-d) SEM images of activated carbon at different magnifications. 
The morphology of AC is shown in Fig.1. At low magnification, the AC is bulk. 
While at high magnification, we can see the AC is nanoparticles. The nanoparticles 
distributed uniformly. The size of the nanoparticles is about 10 nm. From the previous 
reports, when the size of the particle is within the range of 2 nm-10 nm, the material 
can deliver the optimal electrochemical performance. Hence, the AC is the most 
widely used material as negative electrode. 
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Fig.2 SEM images of pristine (a, d) Ni foam, (b, e) Ni foam pre-treated by NH4F, and 
(c, f) NiO. 
Fig.2 shows that the Ni foam is network structure at low magnification. While at 
high magnification, the surface of the Ni foam is smooth. After pre-treated by NH4F, 
the surface of the Ni foam became flower morphology. This flower morphology is 
beneficial for the growth of Ni3S2/MnS composite with heterostructure.  
 
Fig.3 Schematic for Ni3S2/MnS composite growth. 
The scheme in Fig.3 shows the typical fabrication process for the materials in 
this work and the obtained structure of Ni3S2, MnS, and Ni3S2@MnS on Ni-NF 
substrate. The morphology of Ni-NF is dominated by flower-like porous structure, 
which is very different from that of pristine Nickel foam, as shown in Fig.3 (a, b). 
After being subjected to oxidation, the pore wall of the pores becomes thicker. 
However, the Ni-NF-O still possesses the porous feature, which is confirmed in Fig.3 
(c). Finally, MnS is vertically and orderly grown on Ni3S2 by one-step hydrothermal 
reaction. However, when the Ni-NF was used as substrate, randomly distributed MnS 
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nanorods was obtained. 
 
Fig.4 SEM images of (a, c) Ni3S2 and (b, d) MnS. 
Before evaluating the electrochemical performance of Ni3S2, MnS, and 
Ni3S2@MnS, their structure and morphology were characterized by FE-SEM. As 
shown in Fig.4 (a, b), the morphologies of Ni3S2 and MnS are very different. Ni3S2 
has a relative smooth surface with many small pores. In order to gain understanding 
of the morphology evolution of Ni3S2, the SEM of Ni-NF substrate and oxidized 
Ni-NF were monitored. As shown in Fig.4, the Ni foam etched by NH4F shows 
flower-like structure consisting of thin nanosheets, which is expected to effectively 
increase the surface area of the material. The pore walls of the flower become thicker 
with sunken holes after oxidization. Compared to the NiO, the subsequent 
sulfurization does not dramatically change the morphology of the material except a 
rougher surface with protuberance (shown in Fig.4 c). The porous structure provides 
more effective sites for in-situ growth of MnS material during the hydrothermal 
process. As exhibited in Fig.4 (b, d), agglomerated MnS nanorods are randomly 
distributed on the Ni-NF foam skeleton. 
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Fig.5 (a, d) SEM images and (b, c, e) TEM images and (f) EDS of Ni3S2/MnS 
composite. 
In contrast, the MnS nanorods are vertically grown on the Ni3S2 surface without 
agglomeration as shown in Fig.5 (a, d). This is attributed to the in-situ induction force 
of Ni3S2. Due to the unique structure, the MnS in the composites should have more 
effective active sites for the electrochemical reaction. The charges involved in the 
redox reaction can be effectively transferred via the relatively high conductive Ni3S2, 
which benefits the electrochemical performance when compared to individual 
material. In order to further investigate microstructure and chemical composition of 
the composite sample, the as-synthesized Ni3S2/MnS was measured by TEM and 
EDX. It can be observed that small MnS nanorods scatter in the composites, shown as 
in Fig.5 (b, e). In addition, selected areas are highlighted by red lines. The relative 
dark regions could be indexed to Ni3S2 and MnS. Notably, the high-resolution 
magnification of an area (red circle) in the dark region in Fig.5 b confirms the 
existence of nanorods, which is consistent with the results in Fig.5 d. The HR-TEM 
image of Fig.5 c confirms that Ni3S2 and MnS are well crystallized. The observed 
fringe spacing of 0.28 nm and 0.41 nm correspond to the (110) and (101) crystal plane 
of Ni3S2 respectively, while the lattice spacing of 0.31 nm is consistent to the (111) 
interplanar spacing of MnS [13, 24, 29]. The selected area electron diffraction (SAED) 
pattern shown in the inset of Fig.5 f indicates the polycrystallinity nature of the Ni3S2 
and MnS. The EDX spectrum shows the existence of Ni, Mn, and S, which further 
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confirms the successful preparation of the Ni3S2 and MnS. The signals of C and Cu 
are attributed to the copper grid. 
 
Fig.6 XRD patterns NiO, part sulfurization of NiO. 
The three strongest peaks, located at 45.1°, 52.4°, and 76.8°, were attributed to 
the Ni foam. The Fig.6 shows that after oxidation at 500 ℃ for 2 h, were the 
characterized peaks of NiO. When the ratio of amount of Ni/S is less than 5, peaks 
indexed to NiO and Ni3S2 co-exist. The XRD patterns indicate that optimal S source 
is very important to the pure phase of Ni3S2. 
 
Fig.7 XRD patterns of Ni3S2, MnS, and Ni3S2/MnS composite. 
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The XRD patterns of the as-prepared Ni3S2, MnS and Ni3S2/MnS composite are 
depicted in Fig.7. The XRD spectra of three sharp peaks around 45.1°, 52.4°, and 76.8° 
are attributed to the Ni foam. The diffraction peaks at 21.6°, 31.7°, 37.8°, 50.1°, and 
55.2° of Ni3S2 sample belong to the (101), (110), (003), (113), and (122) planes of 
Ni3S2, respectively (JCPDS No. 44-1418) [13, 15, 20, 24, 21, 25]. The absence of 
other peaks indicates the purity of the synthesized material. Sharp peaks located at 
31.7°, 35.0°, 38.4°, 50.3°, 50.7°, 55.2°, 69.6°, 73.4°, and 78.3° are observed in the 
XRD pattern of the as-synthesized MnS material, which match well with the 
diffraction of (111), (200), (102), (220), (103), (201), (203), (210), and (105) facets of 
MnS, respectively [14, 22, 26, 27]. Meanwhile, all the XRD peaks in the composite 
can be ascribed to either MnS or Ni3S2. Therefore, it is reasonable to conclude that 
Ni3S2@MnS composite was fabricated. 
 
Fig.8 XPS of (a) full range, (b) Ni, (c) Mn, and (d) S for Ni3S2/MnS composite. 
XPS was performed to further verify the composition and elemental valence 
states of the Ni3S2/MnS composite. The typical survey spectrum of Ni3S2/MnS 
composite is shown in Fig.8 a, indicating the existence of Ni, Mn, O, C, and S 
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elements. In Fig.8 b, the two main peaks located at 855.2 eV and 872.8 eV are 
assigned to Ni 2p3/2 and Ni 2p1/2 accompanied by distinct satellite peaks. The 
splitting between the two peaks is 17.6 eV, suggesting the coexistence of Ni2+ and 
Ni3+ according to previous reports [19, 23, 25, 28]. The peaks at 641.5 eV and 653.0 
eV in the high-resolution XPS spectrum (shown in Fig.8 c) are indexed to Mn 2p3/2 
and Mn 2p1/2, respectively [14]. The binding energy at 161.6 eV and 162.5 eV of S 
corresponds to S 2p3/2 and S 2p1/2, respectively. In addition, the peak at 167.8 eV is 
observed, which suggests that partial S2- was oxidized to sulfate [14, 19, 25]. 
Therefore, the XPS spectrum reveals that the composite was successfully synthesized, 
which is in good agreement with XRD. 
3.3.2  Electrochemical characterization 
The electrochemical characterization was carried out through CV, GCD, and EIS. 
Firstly, the electrochemical performance of the electrode and AC were evaluated in a 
three-electrode system in 3M KOH aqueous electrolyte. The electrochemical window 
is 0−0.6 V. According to the Cs of the active material and AC, ASCs were fabricated 
based on the charge balance. 
 
Fig.9 CV curves of (a) Ni3S2, (b) MnS, and (c) Ni3S2/MnS composite under different 
scan rates. 
Fig.9 shows the CV curves of Ni3S3, MnS and Ni3S2/MnS composite at scanning 
rates of 2 mV s-1, 5 mV s-1, 10 mV s-1, 20 mV s-1, 30 mV s-1, 40 mV s-1, and 50 mV s-1. 
The electrochemical window is within the range of 0 V−0.6 V. 3M KOH aqueous 
solution was used as electrolyte. The counter electrode and reference electrode was Pt 
platinum and Hg/HgO electrode, respectively. Fig.9 shows that these three kinds of 
samples have obvious redox peak, indicating the capacitance from redox reaction. 
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From the CV curves, it can be observed that with the increase of the scanning rates, 
the corresponding current density increase. Well known, the electrochemical process 
depends on two factors: ion diffusion control and electrochemical polarization. With 
the increase of the scanning rates, the ion diffusion is the controlled step. The 
electrochemical polarization is very obvious. This phenomenon can be induced by the 
redox peaks shift. The oxidation peaks shift to higher potential while the reduction 
peaks shift too much lower potential with the increase of the scanning voltage rate, 
which is caused by the kinetics of the interfacial reaction and the sluggish rate of the 
ionic and electronic transport [15]. The polarized potential becomes larger. The 
involved redox reaction is given as the following: 
Ni3S2 + 3OH- ↔ Ni3S2 (OH)3 +3e-     (1)  
MnS +OH- ⇔ MnSOH + e-          (2) 
MnSOH + OH- ⇔ MnSO + H2O +e-   (3) 
 
Fig.10 GCD curves of (a) Ni3S2, (b) MnS, and (c) Ni3S2/MnS composite under 
different current densities. 
In order to study the reversibility and rate capability of the as-synthesized Ni3S2, 
MnS, and Ni3S2/MnS, GCD tests were measured at different current densities. The 
discharge patterns of the synthesized Ni3S2, Ni3S2/MnS and MnS at various current 
densities of 2 mA cm-2, 5 mA cm-2, 10 mA cm-2, 20 mA cm-2, 30 mA cm-2, 40 mA 
cm-2, and 50 mA cm-2 were given in Fig.10. A plateau is distinctly observed in the 
discharge curves due to the electrochemical and concentration polarizations [30]. 
Obviously, the discharge time of the Ni3S2/MnS electrode is much longer than that of 
individual Ni3S2 and MnS under the same current density. Finally, the discharge 
curves are used to calculate the specific area capacity according to the following 
equation: 
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Cs =
𝐼∆𝑡
𝑚∆𝑉
 
 (Cs: specific capacity; I: current density (A); Δt: discharge time (s), m is mass 
loading (g). 
 
Fig.11 Cs of Ni3S2, MnS, and Ni3S2/MnS composite under versus current densities. 
The specific area capacity as a function of discharge current density is employed 
to investigate the rate capability, as shown in Fig.11. The area capacity of the 
Ni3S2/MnS composite is 6.7 mAh cm-2 at the current density of 2 mA cm-2, while the 
Cs is only 3.15 mAh cm-2 for Ni3S2 and 2.34 mAh cm-2 for MnS, respectively. As the 
discharge density gradually increases, the Cs decreases owing to limited diffusion of 
OH anions in the electrolyte. This phenomenon is much more pronounced under the 
higher discharge currents. Nevertheless, the Cs of Ni3S2/MnS composite is still 1.89 
mAh cm-2 even at a current density of 50 mA cm-2, much higher than its 
corresponding counterpart (Ni3S2:1.21 mAh cm-2 and MnS: 1.06 mAh cm-2). The 
results fully prove that the fabricated Ni3S2@MnS composite with unique hierarchical 
structure is an effective way to realize enhanced electrochemical performance 
compared to the individual sulfide material. 
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Fig.12 (a) CV comparison and (b) GCD comparison of Ni3S2 and Ni3S2/MnS 
composite. 
The CV comparison of Ni3S2 and Ni3S2/MnS composite at scanning rate of 50 
mV s-1 and GCD comparison at a current density of 1 A g-1 were given in Fig.12. It is 
observed that with the increasing of scanning rates, the corresponding current 
densities increase. The corresponding current density of Ni3S2/MnS composite is 
higher than that of single Ni3S2 electrode. Compared to the Ni3S2 electrode, the 
Ni3S2/MnS composite electrode shows the largest area in the CV plot, indicating its 
highest capacity. The above results can be verified by GCD patterns at 2 mA cm-2. 
The composite electrode has the longest discharge time reaching to 900 s whereas the 
discharge duration of Ni3S2 and MnS is only 475 s and 275 s, respectively, confirming 
the highest capacity of the composite electrode. 
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Fig.13 Cycle performance of Ni3S2, MnS, and Ni3S2/MnS. 
The cycling performance is an important index of the supercapacitor electrode. 
The cycling stability of Ni3S2, MnS, and Ni3S2/MnS composite were evaluated under 
continuous charge-discharge measurements at 2 mA cm-2. As shown in Fig.13, there is 
no obvious decay in the Cs of the Ni3S2/MnS in the first 500 cycles. Even after 1000 
cycles, the Cs of Ni3S2/MnS is 6.43 mAh cm-2 with the retention rate of 96.5%. In 
contrast, the capacity retention of MnS is 71.5% and the Ni3S2 is 86.1%. The inset plots 
in the Fig.13 are the 1st, 2nd, 3rd, 500th, 501th, 502th, 997th, 998th, 999th, and 1000th cycles 
of Ni3S2/MnS. The shapes of the charge-discharge curves are nearly unchanged, which 
agrees with the above results. The cycling performance of Ni3S2, MnS, and Ni3S2/MnS 
composite at larger current density are also tested. When the current density reaches to 
10 mA cm-2, the Ni3S2/MnS still demonstrates high Cs of 3.65 mAh cm-2 while the Cs 
of Ni3S2 and MnS are only 2.39 and 1.85 mAh cm-2 after 1000 cycles, respectively. 
Based on the above results, it is natural to conclude that the Ni3S2/MnS composite 
possesses high electrochemical performance. 
Chapter 3 
37 
 
 
Fig.14 (a) Nyquist plot, (b) bode plot, and (c) phase angle plot of Ni3S2, MnS, and 
Ni3S2/MnS. 
EIS measurements were performed in the frequency range of 106-10-2 Hz under 
open circuit voltage condition. The impedance spectra were analyzed by the Zview 
software and the equivalent circuit model used to fit the EIS spectrum is shown in 
Fig.14, where Rs represents series resistance, Rct is the resistance of charge transfer, 
CPE is a constant phase elements with double layer capacitance characteristic, Cps is 
pseudocapacitive element and W is Warburg impedance. The intercept in real part of 
the Nyquist plot at high frequency (enlarged Nyquist is shown in the inset of Fig.14) 
provides the value of Rs and the Rct resistance due to Faradaic reactions corresponds 
to the diameter of the quasi-semicircle in the middle frequency range. The Rct and Rs 
of the composite are 0.52 Ω and 0.25 Ω, which indicate the contact resistance and 
charge transfer resistance in the composite electrode is quite low. In the 
low-frequency range, the relatively vertical line observed with the composite suggests 
good ion /electrolyte diffusion to the surface of electrode [8, 31, 32]. The Bode plot of 
the Ni3S2/MnS composite which demonstrates the evolution of phase angle as a 
function of the applied frequency is also analyzed. The phase angle of the composite 
is about 60° instead of 90°, suggesting its capacity mainly comes from the redox 
reaction between the Ni3S2/MnS and OH- [30, 33]. The impedance modulus versus 
angle frequency (shown in Fig.14 c) shows a very good linear relationship between 
lg|Z| and lgω with about a -1/2 slope in the low and medium frequencies, while lg|Z| is 
constant in the high-frequency range. This is consistent with the results presented in 
Fig.14 b.  
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Fig.15 (a) CV curves and (b) GCD curves of activated carbon. 
In order to assemble ASCs, the electrochemical performance of AC in three- 
electrode system was tested. The Ni3S2/MnS composite was used as positive electrode 
and AC was used as negative electrode. The fabrication of ASCs was based on charge 
balance. The CV curves shown in Fig.15 a are rectangular shape. With the increasing 
of scanning rates, the corresponding current densities increase. When the scanning 
rate is 500 mV s-1, the CV curves are still rectangular shape. The GCD curves in 
Fig.15 b are straight line, indicating EDLCs property. The Cs is 3.5 mAh cm-2 at a 
current density of 2 mA cm-2. The Cs is used for fabrication of ASCs. 
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Fig.16 (a) CV curves, (b) GCD curves, (c) Cs versus current densities, and (d) Ragon 
plot of asymmetric supercapacitors. 
ASCs were constructed based on the Ni3S2/MnS composite as positive electrode, 
AC as negative electrode and 3M KOH as electrolyte. The CV curves in Fig.16a show 
a combination of EDLCS behavior and pseudocapacitive property. In the CV curves, 
the area at low potential represents EDLCs property and the area at high potential 
represents pseudocapacitive property. When the scanning rate is only 2 mV s-1, the 
redox peaks at high potential are obvious while when the scanning rate is up to 100 
mV s-1, the redox peaks are negligible. The GCD curves in Fig.15 b have a small 
potential combined with long straight slope. The Cs was calculated from the GCD 
curves. The maximum energy density of ASCs is 0.47 mWh cm-2 at a power density 
of 10 mW cm-2. The device shows high Cs retention of 82.1%.  
The aforementioned electrochemical properties reveal that, compared to 
individual Ni3S2 and MnS, the Ni3S2/MnS composite has better electrochemical 
performance. When it was used as electrode, it exhibits high specific capacity, rate 
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capability, and good cycling stability. The superior property can be explained from 
three aspects: 1) The Ni3S2/MnS grown on pre-treated Ni foam has good conductivity. 
Nickel foam was directly used as substrate and current collector. More importantly, 
the in situ converted Ni3S2 and grown MnS reduce the contact resistance. Furthermore, 
no binder and additives was used in the preparation process; 2) The composite on 
Nickel foam possesses more accessible active sites for the redox reaction. The Nickel 
foam treated by NH4F has much more effective surface, ensuring the Ni3S2 obtained 
by oxidation and sulfuration method has larger surface. In addition, the MnS nanorods 
were vertically grown on Ni3S2 surface without agglomeration, guaranteeing MnS has 
effective surface for OH- in the same time; 3) The nanostructured composite has 
shorter charge transfer and ion diffusion distance. 
3.4 Conclusions 
We developed a novel and simple in situ method for the preparation of 
Ni3S2/MnS composite for electrochemical energy storage system. Ni3S2 with 
flower-like structure combined with the rod-like MnS produced superior energy 
storage performance. The electrochemical results showed that at charged/discharged 
at 2 mA cm-2, the initial specific capacity of Ni3S2/MnS (6.7 mAh cm-2) was almost 
two-fold higher than that of Ni3S2 (3.15 mAh cm-2) and MnS (2.3 mAh cm-2). After 
1000 cycles, Ni3S2/MnS composite still retained 96.5% of the initial specific capacity. 
Asymmetric supercapacitors were constructed and exhibited high power and energy 
density. The idea of Ni3S2 combined with MnS in this work could offer some 
guidelines to develop more efficient composite materials for supercapacitors.  
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Chapter 4 In-situ growth of nanowire WO2.72 on 
carbon cloth as a binder-free electrode for flexible 
asymmetric supercapacitors with high 
performance 
4.1 Introduction 
Supercapacitors (SCs), also known as electrochemical capacitors or 
ultra-capacitors, have drawn great attention as an important energy storage device with 
high power density, long cycle life and safety [1-2]. Electrochemical capacitors include 
electrochemical double-layer capacitors (EDLCs) and pseudo-capacitors [3]. The 
former stores charge via ion adsorption while the latter operates through reversible 
Faraday redox reactions occurring at the electrode/electrolyte interfaces, as well as in 
the bulk near the surface of the electrode [4-6]. Generally, pseudo-capacitors show 
higher energy density compared to EDLCs because of the additional charges 
transferred within the defined potential as a result of Faradaic reactions. However, the 
energy density of SCs is still much lower than that of batteries, which hinders their 
practical applications in areas which requires both high energy density and high power 
density [7]. According to the equation of E=1/2 CV2, the energy density can be 
improved by enhancing Cs and the operating voltage window of the device [8]. 
Typically, the operating voltage for symmetric supercapacitors (SSCs) using aqueous 
electrolyte is less than 1.0 V because water molecule will break down above 1.0 V. 
Nevertheless, the operation voltage can be increased to 1.0 V-2.0 V through using 
asymmetric supercapacitor (ASC) architecture by taking advantages of different 
potential of the two electrodes in ASCs. Meanwhile, Cs of SCs can be enhanced by 
increasing conductivity and active site of electrode material [7-9]. Transition metal 
oxides (TMOs) which have variable valence state for redox reactions such as RuO2, 
WO3-x, NiOx, CoOx, MnOx, FeOx, etc have demonstrated high specific capacitances (Cs) 
compared to carbon-based materials [10-16]. However, the intrinsically poor electrical 
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conductivity leads to low rate capability and poor cycle life, which hinders their 
practical application in supercapacitors [17-21]. To overcome this issue, development 
of materials with better conductivity is urgently needed. 
Tungsten oxides (WOx, 2<x<3), as an important member of TMOs, have been 
drawing great attention, which have various oxidation [11]. They exhibited distinctive 
physical and chemical properties due to their abundant surface oxygen vacancies 
(SOVs) [22-23]. Among the various WOx, WO2.72 attracted the most interest because 
of its largest content of SOVs. Moreover, it is the most stable form and possesses 
good conductivity making it a promising candidate for various applications such as 
photocatalysts, electrochromic devices, field-emitting devices and gas sensors [24-27]. 
Nevertheless, up to now, there are limited reports about application of WO2.72 in 
supercapacitor. Sangbaek Park et al reported that 3-D urchin-like WO2.72 
nanostructure electrodes demonstrated specific capacitance of 309 F g-1 at a current 
density of 2 A g-1 in traditional three-electrode system[28]. Moreover, Zhao et al 
showed that the specific capacitance of WO2.72 on FTO-coated glass was 440 F g-1 at 
2 A g-1 when the electrode was tested in three-electrode cell system using 1M H2SO4 
aqueous electrolyte solution which had an electrochemical window of −0.5 to 0 V 
[25]. Obviously, the specific capacitance of FTO substrate based WO2.72 was much 
higher. Hence, the electrode prepared by in-situ method is more beneficial to the 
electrochemical performance improvements. Up to now, NW WO2.72 based FASCs 
have not been reported. 
Herein, we report a supercapacitor electrode based on NW WO2.72 /CC. The NW 
WO2.72/CC was prepared by a facile in-situ solvothermal method. The WO2.72 
nanowires formed intercrossed network structure, which provided more active sites 
and shortened the ion diffusion length. The NW WO2.72/CC had well chemical 
stability and structural stability. The NW WO2.72/CC electrode exhibited a high Cs of 
398 F g-1 (1433 mAh g-1) at a current density of 2 A g-1 with their unique morphology 
and structural stability. Furthermore, flexible asymmetric supercapacitors (FASCs) 
with structure of NW WO2.72/CC //Poly (vinyl alcohol) (PVA/LiCl gel//AC/CC 
demonstrated high energy density of 28 Wh kg-1 at a power density of 745 W kg-1, 
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which makes it a prospective candidate for energy storage devices. 
4.2 Experimental section 
4.2.1 Preparation of NW WO2.72/CC 
Prior to the synthesis of NW WO2.72/CC, CC was pre-treated by nitric acid at 
120 °C for 2 h, and then thoroughly washed with deionized water several times, and 
dried under vacuum overnight. For the preparation of NW WO2.72/CC, firstly, CC was 
put into autoclave containing 0.05 g of WCl6 dissolved in 50 mL absolute ethanol. The 
autoclave was heated to 180 ℃ and remained at the temperature for 24 h. After cooling 
to room temperature, the samples were washed by ethanol and then dried at 50 °C under 
vacuum for 10 h. The mass loading of the NW WO2.72 was about 2 mg cm-2. 
4.2.1 Preparation gel electrolyte 
Gel polymer electrolyte was prepared via solution casting method by modifying 
the procedure reported in previous work [29]. Firstly, 4 g of PVA was dissolved in 40 
mL deionized water and stirred until the solution became clear. Then a solution 
containing 8.5 g LiCl in 10 mL deionized water was slowly added into the PVA solution 
under magnetic stirring. Finally, the sticky solution was transferred to PET 
(Polyethylene terephthalate) dish. After dried at room temperature for about 24 h~72 h, 
PVA/LiCl gel was obtained.  
4.2.2 Preparation of activated carbon electrode and fabrication of 
flexible asymmetric supercapacitors 
The negative electrode of AC/CC was prepared by spraying method. Firstly, the 
slurry containing 80wt. % activated carbon, 10wt. % acetylene black as conductive 
material additives and 10wt. % polytetrafluoroethylene (PTFE) as binder dispersed in 
ethanol was prepared. After sonication for 30 min, the mixture was sprayed onto a 
pre-treated carbon cloth and then dried under vacuum overnight. Flexible asymmetric 
supercapacitors with sandwich structure of NW WO2.72/CC positive electrode 
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PVA-LiCl gel electrolyte /AC/CC negative electrode were assembled based on the 
charge balance theory: 
𝑚+
𝑚−
=
𝐶− × ∆𝑉−
𝐶+ × ∆𝑉+
 
Therefore, the optimal ratio between the positive electrode and negative 
electrode was 1/1.8 in the flexible solid state ASCs. 
4.2.3  Characterization of materials 
The crystal structure of the as-synthesized material was characterized by powder 
X-ray diffraction (XRD; RIGAKU, model D/max-2500 system at 40 kV and 100 mA 
of Cu Ka). The composition of the product was identified by Fourier transform 
infrared (FTIR) spectrum. The morphologies were observed by a Field emission 
scanning electron microscope (FE-SEM; HITACHI, S-5200, Japan). The 
microstructures of the samples were examined by transmission electron microscopy 
(TEM, Tecnai F30) operated at 300 kV. The X-ray photoelectron spectroscopy (XPS) 
spectra were carried on a PHI 5000 Versa Probe II (ULVAC−PHI, Inc, Japan) system 
with monochromatic Al-Ka source (h=1486.6 eV). 
4.2.4  Electrochemical measurements 
All the electrochemical tests were carried out on Solartron 1287 Potentiostat 
Galvanostat and 1255B Frequency Response Analyzer electrochemical workstation. 
The electrochemical behaviors of the NW WO2.72/CC (1×1 cm2) firstly were tested in 
a traditional three-electrode cell system. Ag/AgCl (KCl, saturated) electrode and 
platinum gauze were used as reference electrode and counter electrode, respectively. 
Measurements of CV at various scanning rates and GCD at different current densities 
were performed. The EIS were evaluated in the frequency range of 10-2 ~106 Hz with 
10 mV amplitude at open circuit potential. The specific capacitance was determined 
from the discharge curves according to the following equation: 
𝐶𝑠 =
𝐼∆𝑡
𝑚∆𝑉
 
Where Cs, I, ∆t, m, and ∆v are the specific capacitance (F g-1), discharge current 
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(A), discharge time (s), active material (g) and electrochemical window, respectively. 
The energy density and power density of the flexible asymmetric supercapacitors 
were also calculated based on the following equations, respectively. 
E =
𝐶 × 𝑉2
2
 
P =
𝐸
∆𝑡
 
Where E, C, V, and P are the energy density (Wh kg-1), specific capacitance, 
operating voltage, and power density (P, W kg-1), respectively. 
4.3 Results and discussion 
4.3.1 Material characterization 
 
Fig.1 FE-SEM images of (a) pristine carbon cloth and (b) carbon cloth pre-treated by 
nitric acid. 
Fig.1 a shows that the CC consists of treads. In Fig.1a, it is observed that the 
surface of the CC is very smooth. While after pre-treated by nitric acid, the surface of 
the CC became rough, which enhances the adhesion of NW WO2.72. The rough 
surface is beneficial for the growth of NW WO2.72. 
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Fig.2 Schematic of fabrication process of NW WO2.72/CC. 
Fig.2 illustrates the fabrication processes of NW WO2.72/CC. CC pre-treated in 
nitric acid increases the active sites of carbon cloth for growth of WO2.72. The NW 
WO2.72 was in-situ grown on the surface of CC by a simple solvothermal reaction. For 
comparison, NW WO2.72 powder was also prepared. 
 
Fig.3 (a-d) FE-SEM of NW WO2.72. 
The SEM images presented in Fig.3 shows massive NWs. The length is up to 
several micrometers. The diameter is about 2 nm. As discussed in the previous papers, 
the nanowire of WO2.72 is very thin and long, up to 20 μm. The intercrossed 
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nanowires have well conductive network structure. 
 
Fig.4 (a-d) FE-SEM of NW WO2.72/CC. 
The morphology of bare CC and the obtained solvothermal products were 
characterized by FE-SEM. As shown in Fig.4 a, CC consists of fibers with smooth 
surface. After the treatment with nitric acid, the surface of the fibers becomes rough 
(Fig. 4(b, 2c)), which promote the growth of NW WO2.72. After solvothermal reaction, 
the surface of CC is uniformly covered by the nanowires (Fig.4 d). Moreover, the 
nanowires are inter-weaved to form a network, which creates porous structure for 
transport of electrolyte ion during the charge/discharge electrochemical process [25].  
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Fig.5 (a-d) TEM of NW WO2.72. 
The morphology of single NW WO2.72 was further characterized by TEM. The 
nanowire is long and straight. The length is about 20 μm. And the diameter is only 2 
nm. The morphology of single nanowire WO2.72 is very different with the NW 
WO2.72/CC. The difference between the single nanowire WO2.72 and NW WO2.72/CC 
will be discussed in detail in the following discussion. 
 
Fig.6 (a-c) TEM of NW WO2.72./CC. 
The morphology of the obtained NW WO2.72/CC was also characterized by TEM. 
As shown in Fig.6 a, the nanowires inter-cross together creating amount of porous 
structure, which is beneficial to the ion diffusion and contact with electrolyte. 
Furthermore, the TEM image at high resolution (Fig.6 c) confirms that the diameter of 
the nanowires is about 20 nm and the interplanar spacing is 0.38 nm [28]. More 
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importantly, it is observed that the nanowires preferentially grow along the [010] 
direction [24-28]. 
 
Fig.7 XRD pattern of NW WO2.72/CC. 
The XRD was used to identify the material phase and crystal structure of the 
synthesized sample. WO2.72 is a monoclinic structure (a =18.32, b =3.79, and c =14.04 
Å), which is strongly anisotropic and incorporates an ordered 2-D lattice. The corner 
sharing of 2-D lattice is distorted and WO6 octahedra is tilted which are connected in a, 
b, and c direction, thereby forming a three-dimensional structure (inset in Fig.7) 
[24-28]. The two obvious peaks located at 23.5° and 47.9° are the characteristic peaks 
of WO2.72 (JCPDS file #65-1291), which are indexed to the (010) and (020) planes, 
respectively. The strongest peak of (010) suggests the preferential crystal growth 
direction, which is consistent with the previous TEM results analysis. The broad peaks 
located at 26.1° and 43.5° are attributed to the CC [25]. Furthermore, Fourier transform 
infrared (FTIR) spectrum suggests the surface of our sample is clean with no organic 
residual detected in the spectrum [24]. 
 
Fig. 8 (a) full range of WO2.72/CC, (b) XPS of O, and (c) XPS of W.  
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XPS was utilized to investigate the chemical composition and surface chemical 
states. The corresponding results are shown in Fig.8. The full range of spectra confirms 
the existence of W, O, and C elements. The spectrum of O1s displays a wide and 
obvious asymmetric peak. The main peak is located at 530.5 V, attributed to the O bond 
in WO2.72. The weak peak located at higher binding energy of 532.2 V may result from 
C-O bond/H-O bond [22]. While for the spectra of W4f (given in Fig.8 c), the main 
peaks of W4f5/2 and W4f7/2 located at 37.8 eV and 35.7 eV, respectively, are attributed to 
the 6+ valence state of W atoms. Additionally, the lower binding energy at 34.6 and 37.1 
eV are due to the emission of W 4f5/2 and W 4f7/2 from the W atoms in an oxidation state 
of 5+ [22]. The XPS fitting results clearly demonstrated that the W5+/W6+ ratio of 
W−OV−W is (0.92 ± 0.03). These results have been previously reported. Compared to 
stoichiometry, the XPS spectra confirm that there are abundant oxygen vacancies in 
WO2.72. More oxygen vacancies give rise to better conductivity which is conducive to 
the electrochemical performance. 
4.3.2 Electrochemical properties of NW WO2.72/CC electrodes 
 
Fig.9 (a) CV curves and (b) GCD curves of activated on carbon cloth in 5M LiCl 
aqueous solution. 
The electrochemical performance of activated CC was also carried out. Fig.9a 
shows that the CC exhibits EDLCs property. The responding current densities almost 
have no change with the scan rates increasing, indicating the very low Cs. The GCD 
curves shown in Fig.9 b further suggest the low Cs of CC. 
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Fig.10 (a) CV comparison and (b) GCD comparison of activated on carbon cloth and 
NW WO2.72/CC. 
The CV curves show that the CV area of NW WO2.72 is much larger than that of 
CC at the scanning rates of 10 mV s-1, indicating the much higher Cs of NW 
WO2.72/CC. The GCD plots of NW WO2.72 and CC in Fig.10 b indicate that discharge 
time of NW WO2.72/CC is much higher than that of CC. The results of CV and GCD 
both suggest that the contribution of activated carbon cloth is ignorable. 
 
Fig.11 CV curves of NW WO2.72/CC. 
The electrochemical properties of NW WO2.72/CC electrodes were tested by 
traditional three-electrode configuration in 5M LiCl aqueous solution. CV curves at 
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various scanning rates within the range of −0.4 V to 0.6 V are shown in Fig.11. The 
profiles illustrate that the electrode reveals pseudocapacitive behaviors. The involved 
redox reaction are owned to the insertion/extraction of electrons and Li+ ions, 
described as the following equation: 
WO2.72+xe-+xLi+↔LixWO2.72 
During the charge process, the electrons from the electrode and the Li+ ions from 
the LiCl electrolyte are co-inserted into WO2.72 [27, 30]. A reverse process occurs in 
the discharge process. Traditionally, the faradaic reaction occurs at the 
electrode/electrolyte interface. In our case, Li+ can insert into WO2.72 as well, 
therefore providing enhanced capacitance apart from the surficial reaction [4]. In 
addition, the CV curves show that, with the increase of scanning rates, the current 
densities increases without distortion in the CV curves, indicating good conductivity 
and reversibility of the electrode material. 
 
Fig.12 b value.  
Understanding the working mechanism is significantly important. In our work, 
we investigate the mechanism from the knowledge of charge storage. For our work, 
the electrode stores charge mainly from two components. The first component 
(referred to as pseudocapacitance) is the intercalation contribution from the Li+ ion 
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insertion process and the faradaic contribution from the surface charge-transfer 
process [30]. The big difference between the intercalation-pseudocapacitive material 
and battery-type material is that there is phase change for the latter material [30]. The 
second component is the nonfaradaic contribution that is from the EDLCs. These 
charge storage mechanism were characterized by analyzing the CV data at various 
scanning rates according to the following equation: 
i = aυ𝑏  
The two limit value of b is 0.5 and 1.0. For b=0.5, it suggests the material for 
electrode is battery-type and the current is proportional to υ1/2 (scanning rate) [31]. 
While the other limit value of b=1 represents pseudocapacitive (including capacitive) 
response and the current is proportional to υ [31]. Actually, for most materials, b is 
not a constant value. The data for the NW WO2.72/CC electrode are also shown. The 
b-values are in the range of 0.8 V−1.0 V, indicating that the current response is 
predominantly pseudocapacitive and EDLCs behavior. This behavior reaches an 
agreement with the previous works reported by Yury Gogotsi and Bruce Dunn 
[30−31]. 
 
Fig.13 (a) GCD curves, (b) Cs versus current densities, and (c) cycle performance of 
NW WO2.72/CC. 
To determine the specific capacitances, GCD curves were measured at different 
current densities in a fixed potential window of −0.4~0.6 V. The GCD curves are 
almost symmetric, indicating excellent reversibility and high Coulombic efficiency. It 
also indicates the material adopts capacitive behavior instead of batteries behavior. 
The specific capacitance calculated from the discharge curve is 398 F g-1 at a current 
density of 2 A g-1. Moreover, the specific capacitance remains at 240 F g-1 even at a 
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much higher current density of 16 A g-1. Obviously, NW WO2.72/CC electrodes exhibit 
higher specific capacitance than previously reported metal oxides on carbon fiber 
paper or carbon textile cloth as substrates [32−34]. The cycle performance at current 
density of 6 A g-1 was also performed as presented in Fig.13b. The initial specific 
capacitance is 325 F g-1. After 3000 cycles, the specific capacitance of the electrode 
retains 92% of the initial value.  
Based on the previous results analysis, the NW WO2.72/CC electrode showed 
good electrochemical performance. The reasons can be concluded as the following: (1) 
WO2.72 with amount of oxygen vacancies possess well conductivity intrinsically [25]; 
(2) Carbon cloth show well conductivity and mechanical flexibility [35]; (3) 
Pre-treated by nitric acid leads to rough surface of carbon cloth, which ensure the firm 
in-situ growth of NW WO2.72 on carbon cloth. This binder-free and direct growth 
provides rich and fast charge transport channels between the CC substrate and NW 
WO2.72 [11]; (4) The 3-D network composed of interweaved NW WO2.72 can further 
expose much effective sites for redox reactions and shorten the ion diffusion distance 
between the electrolyte and electrode [5]. 
 
Fig.14 (a) Nyquist plot, (b) Bode plot, and (c) phase plot of NW WO2.72/CC. 
An EIS of the NW WO2.72/CC electrode was measured under an alternating 
current perturbation potential of 10 mV in the frequency range of 10-2~106 Hz to get 
further understanding of the electrochemical behavior of the NW WO2.72/CC electrode 
in 5M LiCl aqueous solution. As shown in Fig.14 a, the Nyquist plots consist of two 
distinct parts including a semicircle at high frequency and a straight line at the 
low-frequency range [5]. The semicircle at high frequency is more likely related to the 
interfacial charge transfer resistance (Rct) while the low-frequency feature is related 
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with ions diffusion in the electrolyte with slope around 45° [36]. Fitting the EIS using 
the equivalent circuit shows Rct is 13.5 Ω. The intercept of the Nyquist plot on the 
real axis represents series resistance (Rs) which is mainly due to solution resistance. 
The obtained Rs = 6 Ω indicates the low series resistance of the electrode. Thus the 
relaxation time constant of τ0 is 0.3 s calculated by the equation of τ0 = 1/f0, 
suggesting well conductivity and fast ion diffusion [36]. 
 
Fig.15 (a) CV curves, (b) GCD curves, (c) Cs versus current densities, and (d) cycle 
stability of SSCs. 
The operating voltage for the symmetric supercapacitors (SSCs) based on the 
NW WO2.72/CC is within the electrochemical window of 0 V−0.75 V. The CV curves 
shown in Fig.15 illustrate a reveal pseudocapacitive behavior. There was no distortion 
even at the scanning rate of 100 mV s-1. The GCD curves of the SSCs collected at 
different current densities are about 82 F g-1, 76 F g-1, 70 F g-1, 65 F g-1, 40 F g-1, and 
26 F g-1 at current densities of 1 A g-1, 1.5 A g-1, 2 A g-1, 3 A g-1, 4 A g-1, and 10 A g-1, 
respectively. The cycle stability of the fabricated SSCs was evaluated by repeated 
charge/discharge process at current density of 4 A g-1. The initial Cs is up to 41.5 F g-1 
while after 1000 cycles, the Cs is only 24.6 F g-1 with the 60% capacitance retention 
of the initial Cs. The poor cycle stability is ascribed to the phenomenon that the color 
of the PVA-H2SO4 gel turned from colorless to yellow, which is caused by the side 
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reaction between the PVA-gel and electrode. 
 
 
Fig.16 (a) CV curves and (b) GCD curves of activated carbon on carbon cloth. 
Flexible asymmetric supercapacitors were fabricated using the NW WO2.72/CC 
as positive electrode and activated carbon sprayed on carbon cloth (AC/CC) as 
negative electrode. The amount of active carbon on AC/CC is determined according 
to the charge balance theory of both electrodes. The electrochemical performance of 
AC/CC is shown in Fig.16. As observed in Fig.16, the CV curves of AC/CC are 
quasi-rectangular shapes, indicating EDLCs behavior. The shape the CV plots are 
retained with the increase of scanning rates from 2 mV s-1 to 100 mV s-1. The GCD 
curves under different current densities are equicrural triangles, which demonstrate 
that the capacitance is mainly from EDLC. 
 
Fig.17 (a) Schematic, (b) CV curves, (c) GCD curves, (d) specific capacitance versus 
current densities, (e) Ragone plot, and (f) cycle performance of flexible solid state 
asymmetric supercapacitors. 
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The structure of the FASCs is shown as in Fig.17 a. The operating voltage of the 
FASCs is increased to 1.5 V, much higher than that of NW WO2.72//PVA/H2SO4//NW 
WO2.72 SSCs. The broader operating voltage window is favorable for improving the 
energy density of the system. The electrochemical performance of the FASCs 
measured by CV and GCD under different current densities and scan rate (from 2 to 
100 mV s-1) are given in Fig.17 b. The CV curves show the combination of 
pseudocapacitive properties of WO2.72 and EDLCs features of AC [37]. GCD at 
different current densities (1~30 A g-1) are employed in order to calculate the specific 
capacitance of the FASCs. The curves show IR (I= current, R= resistance) drops, 
which may be due to the internal resistance and inferior electrons collection of CC 
compared to metal-based substrate [11, 35]. The specific capacitance calculated from 
the discharge curves are illustrated in Fig.17 d. A high specific capacitance of 90 F g-1 
is acquired at a current density of 1 A g-1. Even when the current density increases to 
30 A g-1, the specific capacitance still remains 40 F g-1. The Ragon plot of the FASCs 
in Fig.17 e shows the relationship of the energy density versus power density. The 
highest energy density can reach up to 28 Wh kg-1 at a power density of 745 W kg-1. 
When the power density is increased to 22.5 kW kg-1, the energy density still 
maintains 13 Wh kg-1. This is substantially higher than the performance of other ASCs 
reported previously such as carbon nanotubes (CNTs)/MnO2//CNTs/polyaniline 
(PANI)-ASCs (24.8 Wh kg-1 at 120 W kg-1) [38], MnO2@activated multihole carbon 
(AMC)//activated graphene (18.04 Wh kg-1 at 8.97 W kg-1) [39], CNF/MnO2//CNF/ 
Fe2O3 (22.8 Wh kg-1 at 159.4 W kg-1) [40], CNT@NiO//PCPs (25.4 Wh kg-1 at 400 W 
kg-1) [12], and NiCo2O4//AC (15.42 Wh kg-1) [41]. The cycle performance of the 
FASCs is further investigated by repeated charge/discharge process at a larger current 
density of 16 A g-1 (Fig.17 f). The plot shows that the specific capacitance gradually 
decreases with cycling number in the first 2000 cycles. After this, the specific 
capacitance is then slightly increased. Similar phenomenon of specific capacitance 
recovery was also observed in Li-ion battery (sulfur-carbon composite as working 
electrode), which is generally ascribed to more efficient contact between electrolyte 
and the electrode [42−43]. Importantly, the specific capacitance has no obvious 
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decrease after 7000 cycles. The specific capacitance remains 90% after 5000 cycles 
and 81% after 10000 cycles, indicating good stability. To prove the mechanical 
flexibility, the device was twisted and bent. The inset in Fig.16f showed the device 
could remain its construction after various bending conditions. More importantly, the 
electrochemical performance of the device had no significant change under different 
curvatures. 
4.4 Conclusions  
In summary, we use in-situ method to fabricate NW WO2.72/CC. The high 
specific capacitance of 398 F g-1 is obtained in 3-electrode system. The flexible 
asymmetric supercapacitors show well electrochemical performance. The specific 
capacitance is reached up to 90 F g-1 at a current density of 1 A g-1. More importantly, 
the device exhibits high energy density of 28 Wh kg-1 at a power density of 745 W 
kg-1 and long cycle stability with 81% capacitance retention after 10000 cycles. 
Therefore, NW WO2.72/CC electrode has a potential for electric energy storage 
system. 
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Chapter 5 Nb2SnC: new kind of nanomaterial 
synthesis, fabrication, and application in 
supercapacitors 
5.1 Introduction 
Supercapacitors, as one of promising energy storage applications, have attracted 
great attention [1]. Attributed to the high power density and long cycle life, 
supercapacitors have been widely used in portable electronics, electric vehicle, etc. [1]. 
Up to now, carbon/carbon-based materials, transition metal oxides/sulfides, and 
conductive polymer are the main materials for supercapacitors [2−7]. For the 
carbon/carbon-based materials, they provide capacitance based on the ion adsorption. 
While for the transition metal oxides/sulfides and conductive materials, the 
capacitance results from the contribution of the redox reaction [4, 8]. Hence, the latter 
exhibits much higher capacitance. However, they also suffer from the poor cycle 
performance. Among the various developed materials, the two-dimension (2D) 
materials of MXene have been a hot topic [9-10]. This kind of material was derived 
from Mn+1AXn (n=1, 2, 3,), which is a kind of ceramic materials [11−12]. The MAX 
was initially coined in 1999 [13]. 
Generally, for the Mn+1AXn (n=1, 2, 3,) materials, where M is early transition 
metal, A is A-group element (Al, Si, Ge, In, Sn,) and X is C or N [13−14]. Mn+1AXn 
with the A layer of Al has been a deep study in electric energy storage system (EES), 
photoelectric, perovskite, etc. However, there still has no systemic study in the 
Mn+1AXn with A layer of other Sn element. In 1997, S. Tyagi firstly reported the 
synthesis of Nb2SnC in his Ph.D. Thesis [13]. Years later, in the Journal of alloys and 
compounds, the author studied the equilibrium diagram of Nb2SnC. The author 
described how the amount ratio of Nb, Sn, and C impact the phase of the final product, 
concluding that the amount ratio of Nb and Sn is crucial for the [211] phase of 
Nb2SnC [15]. Hence, we study other proper synthesis methods to explore the 
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appropriate conditions. In addition, we use this kind of material in electric energy 
storage for the first time. Well known, electrode with novel design is an effective way 
to enhance the Cs. To this end, the obtained Nb2SnC was etching by in-situ HF by 
addition of LiF/ HCl and HF, respectively. We compare the etching condition and the 
effect on the electrochemical performance is also investigated. Furthermore, the 
obtained samples were exfoliated by DMSO. After ultrasonic, the morphology for the 
materials of Nb2SnC-HF change from the layer structure to nanoparticles. 
Here we first study how the sintering conditions affect the crystal structure. The 
morphology are very different as the sintering conditions change. When the sintering 
time is 4 h, the materials show poor layer structure. When the sintering time is 
increased to 8 h, the materials show well layer structure. With further sintering time 
increasing, hexagonal structure occurs. When the sintering time is up to 24 h, the 
hexagonal structure is dominant. The etching method was also investigated. The 
etching conditions impose a significant impact on the structure and morphology of the 
materials. The Cs of the materials after etching reaches up to 180 F g-1, four times 
higher than the pristine sample of Nb2SnC. For further higher Cs, the sample after 
etching was exfoliated by DMSO. The material of Nn2SnC-DMSO shows high Cs of 
240 F g-1. The SSCs shows a Cs of 90 F g-1 and high energy density of 25 Wh kg-1. 
5.2 Experimental section 
5.2.1  Pretreatment of stainless steel 
All the chemicals used in this part are analytical grade. They were used directly.  
In order to remove the organic/inorganic residual, commercial stainless steel was 
cleaned. Then it was dried under vacuum overnight. 
5.2.2  Preparation of pristine Nb2SnC 
The mixture powder of the commercial Nb, Sn, and graphite are pre-treated by 
wet grind for 1 h. Then the powder was transferred to a ceramic boat and the surface 
was covered by carbon cloth. Finally, the powder was sintered at 1000 ℃ for 4 h, 8 h, 
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12 h, 16 h and 24 h, respectively. After sintering, the powder was milled. 
5.2.3  Nb2SnC etching process 
Firstly, we try in-situ etching method. The in-situ HF was prepared by 0.4 g LiF 
and 5 mL of 9M HCl. 0.25 g of Nb2SnC was gradually added into the in-situ HF 
solution. Then the solution was heated at 60 ℃ for 48 h, 72 h, and 96 h under stirring, 
respectively. After etching, the solution was washed with deionized water (DI water) 
and centrifuged (4000 rpm for 5 min/per cycle) until the pH of the solution reached to 
6-7. It needed about 8-10 cycles reaching this range of pH. The black slurry was dried 
under vacuum overnight. The samples are named as Nb2SnC-LiF-48 h, 
Nb2SnC-LiF-72 h, and Nb2SnC-LiF-96 h. 
Then HF etching is also carried out. The Nb2SnC powder was immersed in 
aqueous hydrofluoric solution (HF, 50 wt %) for 24 h, 48 h, 72 h, and 96 h at 60℃ 
under stirring. The resulting solution was washed with copious DI water. The whole 
centrifugation at 4000 rpm for 5 min takes 8-10 times until the pH reached 6-7. After 
washing, the powder was dried under vacuum overnight. The sample are named as 
Nb2SnC-HF-24 h, Nb2SnC-HF-48 h Nb2SnC-HF-72 h, and Nb2SnC-HF-96 h. 
5.2.4  DMSO-assisted exfoliation 
DMSO was used to delaminate the obtained etching sample. 50 mg of obtained 
sample was immersed in 50 mL of dehydrated DMSO. The solution was bubbled by 
Ar gas to expel the air. Thereafter, the solution was ultrasonic for 24 h. Centrifugation 
with high-speed (15000 rpm) was used to separate the large particles. Then the 
supernatant solution was filtrated by PTFE membrane (0.22 μm pore size). The 
obtained samples are named as Nb2SnC-LiF-DMSO and Nb2SnC-HF-DMSO. 
5.2.5 Preparation of electrode 
The obtained product, acetylene black and PTFE (5% aqueous solution) with the 
mass ratio of 90:10:10 were added into ethanol. After stirred for 30 min, the slurry 
was rolled and cut into wafer by punch. Then the wafer was dried under vacuum 
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overnight at 80 ℃. The wafer was compressed onto the 316L stainless steel fabric 
(SSF, Longyan QLon Metal Fiber Co., Ltd.) under 20 MPa. The well-adhered 
Nb2SnC film on the SSF was directly used as electrode in supercapacitors. The mass 
loading of the film on SSF was 2-5 mg cm-2. 
5.2.6  Materials Characterization 
The crystal structure of the obtained materials was characterized by X-ray 
diffraction meters (XRD, Rigaku). The morphology change and evolution of the 
synthesized sample was monitored by scanning electron microscopy (SEM, 6701F, 
JEOL). The elemental composition and valence was characterized by X-ray 
photoelectron spectroscopy. 
5.2.7 Electrochemical measurements in 3-electrode system. 
The electrochemical test of the electrode was performed in 3-electrode system in 
1M H2SO4. The as-prepared electrode was used as the working electrode while the KCl 
saturated Ag/AgCl electrode and Pt net was used as the reference electrode and counter 
electrode, respectively. All the electrochemical tests were carried out on the 
electrochemical workstation of Solartron 1287 Potentiostat Galvanostat combined with 
1255B Frequency Response Analyzer. The electrochemical window of the CV test and 
GCD test is within the range of -0.1─0.4 V. The EIS of the electrode was obtained 
within the frequency range of 10-2 Hz−106 Hz with the AC amplitude of 10 mV. 
The specific capacitance (F g-1) was calculated from the CV integral and discharge 
curves, respectively. 
Cs =
𝐼∆𝑡
𝑚∆𝑉
 
Where I is the discharge current (A), ∆t is the discharge time (s), m is the mass 
loading of the electrode (g), and ∆V is the electrochemical window (V). 
5.2.8 Electrochemical characterization of assembled symmetric 
supercapacitors 
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To evaluate the energy density of the as-prepared electrode, symmetric 
supercapacitors were assembled. The electrochemical measurements were performed 
on the same electrochemical workstation described previously. The electrochemical 
window of symmetric supercapacitors was enlarged from 0.5 V to 0.8 V. 
5.3 Results and discussion 
5.3.1  Material characterization 
 
Fig.1 XRD of Nb2SnC sintering under different time. 
In order to determine the phase transformation of the obtained samples, XRD 
was used to characterize the change of the crystal structure. Fig.1 shows that the main 
phase of the pristine sample is Nb2SnC (space group P63/mmc, PDF card No: 
00-028-1395), which is in good agreement with the previous work [14].  
Table.1 Cell parameters of Nb2SnC sintering for 4 h, 8 h, 12 h, and 24 h. 
Materials a b c c/a V 
Nb2SnC-4 h 3.2479 3.2479 13.7795 4.2426 125.8833 
Nb2SnC-8 h 3.2523 3.2523 13.7860 4.2389 126.2839 
Nb2SnC-12 h 3.2492 3.2492 13.7770 4.2401 125.9642 
Nb2SnC-24 h 3.2516 3.2516 13.7829 4.2388 126.2031 
The lattice parameters of the four kinds of samples were given in table.1. The 
Table.1 shows that with the increase of sintering time, the parameters of a, c have 
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parabolic trend. When the sintering time is 8 h, the parameters (a=3.2523, c=13.7860, 
and V=126.2839) are the largest. Then the parameters are slightly decreased. The 
lattice parameters of the sample (Nb2SnC-1000 ℃, 12 h) are: a=3.2492, c= 13.7770, 
and V=125.9642, respectively. However, when the sintering time increased to 24 h, 
the parameters have a rise. In addition, the characteristic peaks of Nb2SnC have a shift, 
suggesting the sintering time may do great effect on the crystal growth direction. 
Moreover, for the sample of Nb2SnC-1000 ℃, 4 h, peaks related to Nb3Sn, Sn, and 
NbO were observed. However, with the sintering time increasing to 8 h, 12 h, and 24 
h, the main impurity is NbC, Sn, and a small amount of NbO2 is also detected. The 
XRD results indicate that the Nb2SnC formation process is as the following [12, 14]:  
6Nb+5Sn→Nb6Sn5 
Nb6Sn5→Nb5Sn3+Nb+2Sn 
Nb+C→NbC 
NbxSny+NbC→Nb2SnC 
When the sintering time is below 4 h, intermediate of Nb6Sn5 formed. With the 
sintering time further increasing to 8 h, the content of NbC and NbO2 increase. The 
oxidation state of Nb is increased. The XRD results also demonstrated the longer 
sintering time promotes the impurity of NbO2 formation. 
 
Fig.2 XRD patterns of Nb2SnC-LiF-48 h, Nb2SnC-LiF-72 h, and Nb2SnC-LiF-96 h. 
The XRD patterns show that even the etching time is increased to 96 h. The Sn 
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layer of the Nb2SnC was still not removed. The only change for the XRD pattern is 
that after etching by in-situ HF, the metal oxides were removed. The XRD results 
indicate that the in-situ HF cannot remove the Sn layer. 
 
Fig.3 XRD patterns of Nb2SnC-HF-24 h, Nb2SnC-HF-48 h Nb2SnC-HF-72 h, and 
Nb2SnC-HF-96 h. 
The XRD patterns show that when the etching time is 24 h, the main phase is 
still Nb2SnC. When the etching time is up to 48 h, the phase is the mixture of NbC 
and Nb2SnC. As the etching time was further increased to 72 h, it can be observed that 
the NbC is the only phase. However, the phase of Nb2C cannot be observed. The 
explanation is that the Nb layer and Sn layer was dissolved in the HF. 
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Fig.4 (a-d) SEM of Nb2SnC sintering for 4 h, 8 h, 12 h, and 24 h. 
Sintering time also imposes an important influence on the morphology evolution 
of the obtained samples. The SEM images are given in Fig.4. At low sintering time of 
4 h, the obtained sample (Nb2SnC-1000 ℃, 4 h) is pseudo-layer structure. At a higher 
sintering time of 8 h, Nb2SnC-1000 ℃, 8 h has well layer structure. Longer sintering 
time of 12 h indicates that distorted hexagon structure is occurring. When the 
sintering time is increased to 24 h, the hexagonal structure is uniformly distributed. 
The morphology evolution suggests the crystal growth direction change, which is 
inconsistent with the XRD parameters change. The morphology evolution also 
suggests the structure and size of the obtained samples can be fine-tuned through 
controlling the sintering conditions such as time and temperature. 
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Fig.5 SEM of Nb2SnC etching by in-situ method for different time (a, d) 48 h, (b, e) 
72 h, and (c, f) 96 h. 
Fig.5 shows that after etching by in-situ method, the morphology have great 
changes. When the etching time is 48 h, the material can still remain the layer 
structure. As the etching time is increased, the layer structure is damaged. The well 
layer structure became into pieces. Obviously, we can see the layer distance is larger 
than the pristine material, which is beneficial for the ion diffusion. This unique 
structure can contribute to the electrochemical performance. 
 
Fig.6 SEM images of Nb2SnC etching by HF for (a−d) 24 h, 48 h, 72 h, and 96 h. 
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From the previous results, it is conclude that the Sn layer cannot be etching by 
in-situ method. Hence, HF was used to etch the sample. Different etching time were 
adopted. When the etching time is 24 h and 48 h, the materials still show layer 
structure. Moreover, the layer distance became larger. When the etching time is up to 
72 h and 96 h, the morphologies of the materials became into pieces. Compared to the 
etching time of 24 h, 72 h, and 96 h, the etching time of 48 h is more beneficial for the 
unique structure. When the etching time is 48 h, the materials not only remain layer 
structure also provide larger layer distance. This larger layer distance also contributes 
to the better electrochemical performance. 
 
Fig.7 (a-d) SEM images of Nb2SnC-LiF –DMSO at different magnification. 
Fig.7 represents the morphology of the Nb2SnC-LiF-DMSO. At low 
magnification, as shown in Fig.7 (a, b), the morphology is nanoparticles. However, at 
high magnification, it is observed that there is homogenous wafer. 
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Fig.8 (a-d) SEM of Nb2SnC-HF-DMSO at different magnification. 
Fig.2 and Fig.5 show that after etching by in-situ method, the Sn layer was still 
remained. In order to get more unique structure, the sample was exfoliated after 
etching by HF for 48 h. From Fig.8, we can see that after exfoliation by DMSO for 24 
h, the layer structure became into nanoparticles. The diameter of the nanoparticle was 
about 20 nm. Moreover, the nanoparticles were evenly distributed. The SEM images 
indicate that DMSO solvent is proper for the nanoparticles scattering. These 
nanoparticles can improve the electrochemical performance of the electrode. 
5.3.2 Electrochemical measurements 
 
Fig.9 CV curves of Nb2SnC sintering for (a) 4 h, (b) 8 h, (c) 12 h, and (d) 24 h. 
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Electrochemical performance of the samples were carried out to evaluate the 
material property by cyclic voltammograms (CV) and galvanostatic charge/discharge 
profile with a mass loading of 3-5 mg cm-2 for three electrode system. The CV 
measurements were carried out in a suitable potential of -0.1 V−0.4 V in 1M H2SO4 
aqueous solution. As shown in Fig.3 a, the CV curves are rectangular shape. The 
sample of Nb2SnC-1000 ℃, 24 h shows that the CV curves have the largest areas, 
indicating the different levels for charge storage [7]. With the increasing of scanning 
rates, the CV curves are closer to rectangular shape. Especially, when the scanning 
rate is up to 1000 mV s-1, the CV curves have idea rectangular shape, indicating high 
reversibility. From the CV curves, the Cs was calculated according to the CV integral 
area.  
 
Fig.10 Plot of specific capacitance versus scan rate. 
The Cs for the samples under different scanning rates were presented as in Fig.10. 
The highest Cs of the electrode is 25.2 F g-1, 14.2 F g-1, 27.6 F g-1, and 32.4 F g-1 at a 
scanning rate of 2 mV s-1, respectively. There is a decline in Cs at a higher scanning 
rate, which is a common phenomenon. Well known, in the capacitor system, at lower 
scanning rates, the response is diffusion-controlled step. As the scanning rates rise, the 
surface capacitive effect is dominant [16]. The Cs based on the CV test suggests the 
crystal structure and morphologies impose great effect on the electrochemical 
performance. The samples of Nb2SnC-1000 ℃, 24 h exhibit higher Cs than those of 
Nb2SnC-1000 ℃, 4 h, 8 h, and 12 h. As shown in Table.1, the V (Å) of the sample 
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(Nb2SnC-1000 ℃, 8 h) and sample of (Nb2SnC-1000℃, 24 h) is larger. The reason 
for the low Cs of Nb2SnC-1000 ℃ can be explained by the unique structure. From the 
SEM images, it can be observed that the layer distance of Nb2SnC is very small, 
which is difficult for the ion adsorption. Well known, larger V (Å) is beneficial to the 
hydrated ion migration. Moreover, the layer structure of Nb2SnC-1000 ℃, 8 h and 
hexagonal structure of Nb2SnC-1000 ℃, 24 h own much more the migration channels. 
When sintered for 4 h, the effective interlayer distance is smaller. As the sintering 
time increased to 12 h, it is a transition state for the morphologies evolution. Part of 
layer structure evolved into hexagonal structure. The hexagonal structure embedded 
into the layer structure decreases the effective ion migration channels. 
 
Fig. 11 GCD curves of Nb2SnC sintering for (a) 4 h, (b) 8 h, (c) 12 h, and (d) 24 h. 
To further evaluate the electrochemical performance of the materials, the 
galvanostatic charge/discharge (GCD) measurements for the samples at current 
densities of 0.25 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 further were performed. The linear 
slope of the GCD curves for the samples at different current densities indicate its 
capacitive behavior. Obviously, the discharge curve of the sample (Nb2SnC-1000 ℃, 
24 h) is the longest, suggesting its high Cs [8].  
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Fig.12 Plot of specific capacitance versus current density. 
The Cs calculated from the GCD curves was given in Fig.13. When the current 
density is 0.125 A g-1, the Cs for the electrode is 30 F g-1, 22.5 F g-1, 35.5 F g-1 and 
46.5 F g-1, respectively. As the current density is increased, the Cs has a decrease. The 
Cs still remains 9 F g-1, 17.5 F g-1, 20 F g-1, and 35 F g-1 at a high current density of 5 
A g-1, respectively. 
 
Fig. 13 (a) Nyquist plot, (b) bode plot, and (c) phase plot of Nb2SnC sintering under 
different time. 
Electrochemical impedance spectroscopy (EIS), as a powerful technology, can 
give us a lot of information regarding the charge transfer resistance (Rct) inner the 
electrode and ion diffusion resistance (Rs). Hence, we performed the EIS test within 
the frequency of 10-2 Hz−106 Hz. Nyquist plots of the four samples consist of 
negligible semicircle and a straight line [6]. In order to better understand the Electrode 
reaction kinetics, we divided the plots into two parts: high frequency and low 
frequency. At high frequency, the negligible semicircle suggests low Rct. The Rct 
represents the charge transfer resistance inner the electrode. The Rct of the samples is 
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1.5 Ω, 1 Ω，1.5 Ω and 1.5 Ω, respectively, suggesting the well conductivity of the 
electrode. Moreover, the negligible semicircle also indicates that the contribution 
from the pseudocapacitance is very low. The small intercept between the plot and the 
real impedance axis show the low solution resistance (Rs). While at low frequency, 
the vertical line observed on the Nyquist plot and the phase angle close to 90° suggest 
the supercapacitor show an ideal capacitive behavior. 
 
Fig. 14 (a) CV curves and (b) GCD curves of Nb2SnC-LiF under different scan rates. 
The electrochemical performance of the material etching by in-situ method were 
also tested in a 3-electrode system within the electrochemical window of -0.1 V−0.4 V. 
The CV curves indicate that after etching by in-situ method, the responding current 
densities increase. Moreover, the CV curves have larger areas than the pristine sample, 
indicating higher Cs. The GCD curves show that after etching by in-situ method, the 
discharge time is longer at the same current densities, further proving the enhanced 
electrochemical performance. 
 
Fig.15 CV curves of (a) Nb2SnC-HF-24 h, (b) Nb2SnC-HF-48 h Nb2SnC-HF-72 h, 
and (c) Nb2SnC-HF-96 h under different scan rates. 
In order to study how the etching method affects the electrochemical 
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performance on the electrode, the CV and GCD tests were carried out. All the CV 
curves displayed in Fig.16 are rectangular shape, indicating EDLCs property. Fig.15 
(b) shows that when etching by HF for 48 h, the electrode has much higher 
responding current densities. The CV curves have the largest areas, 2 times larger than 
the other two electrodes. The CV integral areas suggest the electrode for etching 48 h 
has much higher Cs. 
 
Fig.16 GCD curves of (a) Nb2SnC-HF-24 h, (b) Nb2SnC-HF-48 h, and (c) 
Nb2SnC-HF-72 h. 
The charge/discharge performance of the sample etching by HF for 24 h, 48 h, 
and 72 h was evaluated. All the GCD curves are isosceles triangle shapes, showing 
EDLCs property, which is inconsistent with the CV results. From the GCD curves, we 
can see that the discharge time of the sample (etching for 48 h) is much longer than 
the other two electrodes. The GCD curves display the same results as the previous CV 
curves. 
 
Fig.17 Plot of specific capacitance versus current densities. 
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The Cs of the electrode was calculated by the discharge curves. From the curves 
shown in Fig.17, we can see that the Cs of the Nb2SnC is only 22.5 F g-1. After 
etching by in-situ method and HF, the Cs has an enhancement. The Cs is 35 F g-1 at a 
current density of 0.125 A g-1 after etching by in-situ method. Interestingly, the Cs has 
a great enhancement after etching by HF for 48 h. The Cs increases to 167.5 F g-1 at a 
current density of 0.125 A g-1. The Cs still remains 100 F g-1 even at a high current 
density of 1 A g-1. 
 
Fig.18 (a) Nyquist plot, (b) bode plot, and (c) phase plot of Nb2SnC-LiF and 
Nb2SnC-HF. 
In order to explore the reason for the electrochemical performance enhancement, 
EIS for the samples were carried out. The Nyquist plots show that the sample of 
Nb2SnC etching for 48 has the smallest Rct, indicating the well conductivity. The Rct 
is only 0.5 Ω， much lower than the pristine sample. Moreover, the Rs for the sample 
is very low, just 0.25 Ω. The low Rct and Rs explain the enhancement fo the 
electrochemical performance of the sample after etching by HF for 48 h. The Phase 
plot shown in Fig.18 c shows that at middle frequency, the angle is up to 90 ℃, 
indicating ideal EDLCs property. 
 
Fig.19 CV curves of (a) Nb2SnC-LiF-DMSO and (b) Nb2SnC-HF-DMSO. 
The CV curves show the similar rectangular shape as the described in Fig.12 and 
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Fig.19. Additionally, the CV curves became smooth. Hence, the CV curves are 
pseudo-rectangular shape. For the sample of Nb2SnC-LiF exfoliated by DMSO, the 
responding current densities have a rise. Especially for the sample of Nb2SnC-HF 
exfoliated by DMSO, the responding current densities increase greatly, 1.5 times 
higher than that of the sample of Nb2SnC-HF. The higher responding current densities 
and larger areas suggest the enhanced Cs.  
 
Fig.20 GCD curves of (a) Nb2SnC-LiF-DMSO and (b) Nb2SnC-HF-DMSO. 
In order to further evaluate the electrochemical performance of the sample 
exfoliated by DMSO, GCD tests were performed in a 3-electrode system in 1M 
H2SO4 within the electrochemical window of -0.1 V−0.4 V. From the GCD curves 
shown in Fig.20 (a, b), the sample of Nb2SnC-HF exfoliated by DMSO show ideal 
linear slope even at a high current density of 0.2 A g-1. However, for the sample of 
Nb2SnC-LiF exfoliated by DMSO, the GCD curves are distorted at high current 
density of 0.125 A g-1. At a current density of 0.2 A g-1, the Cs of the Nb2SnC-LiF 
exfoliated by DMSO and Nb2SnC-HF exfoliated by DMSO is 65 F g-1 and 168 F g-1, 
respectively. The Cs increase to 300% of the pristine sample. 
 
Fig.21 (a) Nyquist plot, (b) bode plot, and (c) phase plot of Nb2SnC exfoliated by 
DMSO. 
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The EIS tests were conducted within the frequency range of 10-2 Hz-106 Hz to 
investigate the ion diffusion and electronic transmission. As presented in Fig.21 (a), 
the semicircle indexed as the resistance value is negligible. The diameter of the 
negligible semicircle is only 0.15 Ω for the sample of Nb2SnC-HF exfoliated by 
DMSO. The diameter for the sample of Nb2SnC-LiF is 0.25 Ω. Both of their charge 
resistance is lower than that of the Nb2SnC etching by LiF and HF. On the other hand, 
the Rs is also negligible. The lower Rct and Rs explain the reason for enhanced 
electrochemical performance. 
The enhanced electrochemical performance of the Nb2SnC-HF exfoliated by 
DMSO can be attributed to the following reasons: 1) High electric conductivity; 2) 
After etching and exfoliation, the materials own unique structure, single layer 
structure with homogenous nanoparticles; 3) Nb2SnC was served as the skeletal 
structure to open more effective sites for ion diffusion; 4) Synergistic effect of the two 
kinds of materials, Nb2SnC and NbC.  
In order to evaluate the electric energy storage capability, symmetric 
supercapacitors were assembled. The electrochemical measurements of the device 
within different electrochemical window were carried out for comparison. As 
previous reports, when the carbon/pseudo-carbon materials were used as electrodes 
for the device, the electrochemical window can be higher than the theoretical 
Decomposition voltage. 
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Fig.22 CV curves of the symmetric supercapacitors within the electrochemical 
window range from 0.5 V to 1.0 V. 
Fig.22 shows the CV curves of the symmetric supercapacitors. The film of 
Nb2SnC-HF exfoliated by DMSO on SSLs was used as the working electrode. 1M 
H2SO4 was used as the electrolyte. The electrochemical window can be enlarged to 
1.0 V. However when the electrochemical window was increased to 0.9 V, the curves 
are distorted to a degree. Therefore, in the latter electrochemical test, the widest 
electrochemical window is 0 V−0.8 V. 
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Fig.23 CV and GCD curves of symmetric supercapacitors within the electrochemical 
window of (a-b) 0 V−0.5 V and (c-d) 0 V− 0.8 V. 
Fig.23 shows the CV curves and GCD curves of the symmetric supercapacitors 
in the electrochemical window of 0 V− 0.5 V and 0 V−0.8 V. The CV curves 
displayed in Fig.23 (a, c) are both still rectangular shape. However, the responding 
current density became smaller in the electrochemical window of 0 V–0.8 V. From the 
GCD curves shown in Fig.23 (b, d), the curves are asymmetric at high current density. 
The discharge time is much lower than that of the charge time. 
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Fig.24 Plot of specific capacitance versus scan rate within the electrochemical 
window of 0 V−0.5 V and 0 V−0.8 V. 
In order to evaluate the electrochemical performance in detail, the Cs was 
obtained by the CV curves integral. From the Fig.24, it is observed that the Cs is 33 F 
g-1 at scan rate of 2 mV s-1 in the electrochemical window of 0 V−0.5 V. Compared to 
the electrochemical performance tested in the electrochemical window of 0 V−0.8 V, 
the Cs increases to 41 F g-1 at the same scan rate of 2 mV s-1. 
 
Fig.25 (a) Nyquist plot, (b) bode plot and (c) phase plot of symmetric supercapacitors. 
EIS measurement is also performed to investigate the reaction kinetics. Well 
known, the diameter of the semicircle is related to the charge transfer resistance value. 
The Rct for the two kind of device is the same with the value of 1.5 Ω. The resistance 
for the two kinds of device is 2.5 Ω. The Rct and Rs of the device is higher than those 
of the electrode tested in 3-electrode system. The bode plot and phase display the 
same phenomenon. The phase degree is up to 80°, indicating EDLCs property. The 
EIS results explain the similar electrochemical performance of the device carried out 
within the electrochemical window of 0 V−0.5 V and 0 V−0.8 V. 
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5.4 Conclusion 
Nb2SnC, as a new kind of material, was firstly synthesized by conventional 
method instead of HIP method. The sintering time does great effect on the crystal 
structure and morphologies, which is closely related to the electrochemical property.  
After etching by HF, the Cs increased to 167.5 F g-1, much higher than the pristine 
sample (22.5 F g-1). The symmetric supercapacitors were fabricated and showed well 
electrochemical performance. The electrochemical window of the symmetric 
supercapacitors broadened to 0.8 V. The energy density of the symmetric 
supercapacitors is 14 Wh kg-1. 
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General conclusions 
In this thesis, we focus on the syntheses, structure characterization and 
electrochemical measurements of nanomaterials. Three kinds of nanomaterials of the 
3D Ni3S2/MnS, 1D NW WO2.72, and 2D Nb2SnC were prepared. These materials 
exhibited good electrochemical performance in 3-electrode system. Moreover, the 
assembled devices showed high energy density. Therefore, our research presents a 
great potential for energy storage systems. 
In Chapter 1, we described the research background, supercapacitor structure, 
and its working mechanism. Furthermore, we gave a brief summarization of the 
materials used in supercapacitors. The issues and the corresponding solutions are 
given.  
In Chapter 2, the common equipment and chemicals used in the experimental 
procedure were listed. Additionally, the material characterizations and electrochemical 
measurements method were given. 
In Chapter 3, Ni3S2/MnS composite with 3D morphology were synthesized by 
in-situ hydrothermal method. The Ni foam was served as substrate and Ni source. The 
crystal structure and the morphology were characterized by XRD and SEM, 
respectively. The chemical composition was determined by the EDS and XPS. The 
electrochemical performance of the Ni3S2/MnS composite has an obvious 
enhancement compared to the corresponding counterparts.  
In Chapter 4, we devote to the fabrication of flexible solid-state device. 
Nanowire WO2.72 was in-situ grown on the carbon cloth. The electrochemical 
performance of 1D nanowire WO2.72/CC was studied in 3-electrode system. 
Additionally, the asymmetric supercapacitors with the sandwich structure of 
WO2.72//LiCl/PVA gel// AC/CC were fabricated. The device shows good mechanical 
and flexible properties. Moreover, a high energy density of 28 Wh kg-1 is achieved. 
In Chapter 5, a new kind of material was investigated. In this chapter, Nb2SnC 
was prepared by low-temperature sintering method. The obtained Nb2SnC was 
etching by and HF. The effects of etching conditions on the morphology and 
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electrochemical performance were investigated. The Cs is further increased to 140 F 
g-1 at 2 mV s-1 after exfoliated, 6 times higher than the pristine sample (25 F g-1). 
Finally, symmetric supercapacitors were assembled. The device exhibits better 
electrochemical performance within the electrochemical window of 0 V−0.8 V. 
Furthermore, the device shows a high specific capacitance of 45 F g-1 at a scan rate of 
2 mV s-1. The corresponding energy density is up to 14.4 Wh kg-1. Therefore, our 
research provides an effective strategy to synthesize electrode materials with good 
electrochemical performances.  
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Future prospects 
Our work indicates that intrinsic property and novel design contribute a lot to the 
electrochemical performance. Materials with high conductivity and novel design can 
deliver better electrochemical performance. Considering the practical application, we 
need to further improve the electrochemical performance. 
Based on our work, the future prospects should focus on the following points: 
1) Develop new materials with stable chemical composition; 
2) Develop materials with high conductivity; 
3) Make novel designs such as composite, heterostructure and core/shells; 
4) Develop electrolyte with broad electrochemical window, high safety, and low 
toxicity; 
5) Exploit other flexible substrate with strong strength and high conductivity; 
6) Fabricate device with controllable areas. 
In a word, developing supercapacitors with comparable energy density to 
batteries is still an issue.  
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